This  is  a  digital  copy  of  a  book  that  was  preserved  for  generations  on  library  shelves  before  it  was  carefully  scanned  by  Google  as  part  of  a  project 
to  make  the  world's  books  discoverable  online. 

It  has  survived  long  enough  for  the  copyright  to  expire  and  the  book  to  enter  the  public  domain.  A  public  domain  book  is  one  that  was  never  subject 
to  copyright  or  whose  legal  copyright  term  has  expired.  Whether  a  book  is  in  the  public  domain  may  vary  country  to  country.  Public  domain  books 
are  our  gateways  to  the  past,  representing  a  wealth  of  history,  culture  and  knowledge  that's  often  difficult  to  discover. 

Marks,  notations  and  other  marginalia  present  in  the  original  volume  will  appear  in  this  file  -  a  reminder  of  this  book's  long  journey  from  the 
publisher  to  a  library  and  finally  to  you. 

Usage  guidelines 

Google  is  proud  to  partner  with  libraries  to  digitize  public  domain  materials  and  make  them  widely  accessible.  Public  domain  books  belong  to  the 
public  and  we  are  merely  their  custodians.  Nevertheless,  this  work  is  expensive,  so  in  order  to  keep  providing  this  resource,  we  have  taken  steps  to 
prevent  abuse  by  commercial  parties,  including  placing  technical  restrictions  on  automated  querying. 

We  also  ask  that  you: 

+  Make  non-commercial  use  of  the  files  We  designed  Google  Book  Search  for  use  by  individuals,  and  we  request  that  you  use  these  files  for 
personal,  non-commercial  purposes. 

+  Refrain  from  automated  querying  Do  not  send  automated  queries  of  any  sort  to  Google's  system:  If  you  are  conducting  research  on  machine 
translation,  optical  character  recognition  or  other  areas  where  access  to  a  large  amount  of  text  is  helpful,  please  contact  us.  We  encourage  the 
use  of  public  domain  materials  for  these  purposes  and  may  be  able  to  help. 

+  Maintain  attribution  The  Google  "watermark"  you  see  on  each  file  is  essential  for  informing  people  about  this  project  and  helping  them  find 
additional  materials  through  Google  Book  Search.  Please  do  not  remove  it. 

+  Keep  it  legal  Whatever  your  use,  remember  that  you  are  responsible  for  ensuring  that  what  you  are  doing  is  legal.  Do  not  assume  that  just 
because  we  believe  a  book  is  in  the  public  domain  for  users  in  the  United  States,  that  the  work  is  also  in  the  public  domain  for  users  in  other 
countries.  Whether  a  book  is  still  in  copyright  varies  from  country  to  country,  and  we  can't  offer  guidance  on  whether  any  specific  use  of 
any  specific  book  is  allowed.  Please  do  not  assume  that  a  book's  appearance  in  Google  Book  Search  means  it  can  be  used  in  any  manner 
anywhere  in  the  world.  Copyright  infringement  liability  can  be  quite  severe. 

About  Google  Book  Search 

Google's  mission  is  to  organize  the  world's  information  and  to  make  it  universally  accessible  and  useful.  Google  Book  Search  helps  readers 
discover  the  world's  books  while  helping  authors  and  publishers  reach  new  audiences.  You  can  search  through  the  full  text  of  this  book  on  the  web 


at|http  :  //books  .  google  .  com/ 


AMERICAN  SCIENCE  SERIES— ADVANCED   COURSE 


GEOLOGY 


.'  BT 


THOMAS  C' CHAMBERLIN  AND  ROLLIN  D.  SALISBURY 

HtadiB  of  the  Departments  of  Oeology  and  Otoffraphy^  Univenity  of  Chieaoo 

Members  of  the  United  Stales  Oeologieal   Survey 

EdUors  of  the  Joumai  of  Oeology 


IN   THREE   VOLUMES 

VOL  II.    EARTH  HISTORY 

QENESia^PALEOZOIO    "  .'    ; 
SECOND    EDITION,    REVISED 


NEW  YORK 

HENRY    HOLT    AND    COMPANY 

1907 


Science  Librtty 
f     — 

,C445 
1/1  v^ 


Copyright,  1906 

BY 

HENRY  HOLT  AND  COMPANY 


ROBBRT  DRUMVOND.   PRIMTKB.  NVW  TOHK 


PREFACE  TO  VOLUMES  II  AND  HI. 

The  salient  features  of  the  purpose  and  plan  of  this  work  were 
set  forth  in  the  preface  to  Volume  I,  published  two  years  ago.  The 
subject  of  that  volume,  Geological  Processes  and  their  Results,  is 
fiufRciently  distinct  from  the  theme  of  these  volumes,  The  History 
of  the  Earth,  to  give  occasion  for  additional  prefatory  remarks.  Though 
the  subjects  are  thus  measurably  distinct,  they  have  been  given  a 
common  bond  by  the  treatment  of  the  geological  processes  in  a  his- 
torical way,  on  the  one  side,  and  by  the  development  of  the  earth 
•history  on  dynamical  lines,  on  the  other.  Not  only  has  the  history 
been  treated  from  a  causal  point  of  view  in  these  volumes,  but  proc- 
esses and  principles  have  been  discussed  wherever  the  phase  of  the 
history  has  seemed  to  make  such  discussion  particularly  pertinent. 
Such  special  discussions  have  usually  been  introduced  at  the  first  stage 
in  the  history  at  which  the  phenomena  they  are  intended  to  eluci- 
date were  declared  features,  or  at  which  their  expression  is  well  suited 
to  treatment.  Sometimes,  however,  they  have  been  delayed,  to  avoid 
emphasizing  too  many  dynamic  subjects  at  a  given  stage.  Some- 
times, too,  the  dynamic  treatment  has  been  divided  between  suc- 
cessive historical  expressions,  as  when  the  subject  is  very  complex, 
or  when  different  phases  are  best  expressed  at  different  historical  stages. 
This  is  the  case,  for  example,  with  the  dynamics  of  deformation,  which 
were  treated  at  some  length  in  Volume  I,  are  further  discussed  in  the 
chapters  on  the  origin  and  the  early  stages  of  the  earth,  are  again 
touched  upon  in  connection  with  several  periods  when  deformation 
was  pronounced,  and  are  reverted  to  finally  in  the  last  chapter,  in 
their  application  to  the  peculiar  phenomena  of  the  continental  borders. 
A  similar  method  is  used  in  the  treatment  of  climatic  problems,  par- 
ticularly that  of  glaciation,  which  is  considered  at  some  length  in  con- 
nection with  the  remarkable  Permian  phenomena,  because  of  its  advan- 
tageous historical  setting  between  antecedent  and   subsequent  mild 
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periods,  and  is  resiuned  in  connection  with  the  recent  glacial  period, 
where  localization  and  periodicity,  together  with  many  details,  are 
best  expressed.  This  recurrent  treatment  is  intended  to  relieve,  in 
some  measm^,  the  stress  of  treatment  of  these  intricate  themes  at 
any  one  point,  but  more  especially  to  combine  dynamical  discussion 
with  the  phenomena  which  it  is  to  explain,  as  these  phenomena  unfold 
themselves  stage  by  stage.  This  has  been  done  in  the  belief  that  such 
discussions  often  have  their  most  obvious  force  only  in  such  relations, 
and  in  the  further  belief  that  the  definite  development  of  a  historical 
problem  in  its  natural  associations  is  an  advantageous  antecedent 
to  the  discussion  of  the  dynamic  agencies  that  constitute  its  elucidation. 
It  has  been  thought  that  this  association  of  phenomena  with  their  causes 
is  important  enough  to  justify  even  some  reiteration  of  causes  or  rela- 
tions, when  these  are  essential  to  firm  basal  conceptions. 

In  harmony  with  this  recurrent  recognition  of  the  dynamical  ele- 
ment in  the  physical  evolution  of  the  earth,  special  effort  has  been 
made  to  give  to  the  evolution  of  the  successive  phases  of  the  earth's 
inhabitants  their  appropriate  dynamic  and  physiographic  relation- 
ships. In  addition  to  the  more  familiar  relations  of  life  to  its  environ- 
ment, the  special  function  of  the  epicontinental  seas  and  their  oscil- 
lations has  received  emphasis,  because  these  have  been  the  chief  media 
through  which  the  more  legible  part  of  the  geologic  record  has  been 
made.  As  a  corollary  of  this,  the  expansions  and  contractions  of  the 
land,  on  the  one  hand,  and  of  the  epicontinental  seas,  on  the  other, 
and  their  contrasted  influences  on  the  life  of  the  land  and  of  the  shal- 
low seas,  respectively,  have  been  given  unusual  prominence. 

Special  emphasis  is  also  laid  on  the  features  of  the  ancient  lands 
wherever  the  data  permit.  The  sources  of  the  sediments,  and  the 
modes  and  conditions  of  their  derivation,  at  all  stages,  are  regarded 
as  equally  important  with  the  sediments  themselves,  and  often  more 
significant  of  vital  conditions.  Base-level  states,  on  the  one  hand, 
and  states  of  much  relief,  on  the  other,  are  recognized  as  influential 
factors  in  determining  not  only  the  character  of  the  deposits,  but  the 
evolution  of  life  on  both  land  and  sea.  Terrestrial  deposits,  as  dis- 
tinguished from  marine  deposits,  are  recognized  in  many  periods, 
particularly  in  the  Devonian,  Carboniferous,  Permian,  Triassic,  Coman- 
chean,  and  Tertiary,  and  in  the  last,  notably  in  the  Lafayette.  The 
terrestrial  deposits  so  recognized  are  not  merely  lacustrine,  or  even 
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fluvial,  in  the  narrower  sense,  but  embrace  also  the  products  of  gen- 
eral aggradation  on  surfaces  of  low  gradient,  by  pluvial  and  other 
subaerial  agencies. 

On  the  physical  side,  the  chief  effort  has  been  to  give  a  connected 
and  interpretative  sketch  of  the  earth's  history,  especially  as  exem- 
plified by  the  North  American  continent.  Imperfection  of  knowledge 
makes  this  sketch  incomplete  at  some  points,  and  limitations  of  space 
have  made  it  brief,  even  when  knowledge  is  more  adequate.  Both 
imperfection  of  knowledge  and  limitations  of  space  have  made  it  imprac- 
ticable to  deal  with  other  continents  as  fully  as  with  our  own.  It 
is  believed,  however,  that  the  principles  set  forth  in  connection  with 
the  history  of  our  own  continent  are  applicable  to  all  continents, 
and  that  the  course  of  events  in  all  has  been,  in  principle  and  in  lead- 
ing facts,  similar  to  that  in  our  own. 

While  recognizing  the  alternative  views,  the  doctrine  of  the  per- 
manence of  the  continents  plays  an  unusually  large  part  in  the  inter- 
pretations of  continental  evolution,  of  the  migrations  of  life,  and  of 
the  successive  developments  of  provincial  and  cosmopolitan  faunas. 
So  also  the  doctrine  of  the  periodicity  of  the  great  deformative  move- 
ments forms  a  notable  feature  in  the  interpretations  of  life  evolution, 
and  in  the  reciprocal  developments  of  land  and  sea  life,  as  well  as  of 
provincial  and  cosmopoHtan  faimas. 

Exceptional  attention  is  given  to  the  evolutions  of  faunas  and 
floras  and  to  their  radiations  and  migrations,  while  less  attention  is 
given  to  the  unrelated  features  of  the  life,  however  bizarre  these  may 
be  in  themselves.  The  familiar  calling  of  the  biological  roll  under 
each  period  is  abandoned,  and  will  perhaps  be  missed;  but  it  has  been 
thought  that  the  mutations  of  the  assemblages  of  composite  Ufe  of 
the  great  provinces  that  arose  in  succession  from  changes  in  geographic 
configuration,  are  more  important  as  elements  in  the  history  of  the 
earth's  inhabitants  than  the  classification  of  life  forms  as  such,  par- 
ticularly as  such  classification  is  still  in  a  state  of  transition.  The 
order  of  treatment  of  the  various  forms  of  life  in  the  several  periods 
is  varied  according  to  what  is  conceived  to  be  their  historical  impor- 
tance or  natural  relations. 

Without  ^ving  special  adhesion  to  any  particular  doctrine  of  life 
development,  beyond  a  cordial  recognition  of  the  new  mutation  theory 
of  DeVries,  as  well  as  the  older  and  more  familiar  ones,  the  progressive 
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evolution  of  life  is  made  a  subject  of  constant  remark,  with  sugges- 
tions as  to  biological,  as  well  as  physiographic,  relationship  and  depend- 
ence. 

In  the  biological,  as  in  the  physical  parts,  the  unsolved  problems 
are  frankly  recognized,  and  the  student  is  made  a  party  to  a  common 
desire,  if  not  a  common  effort,  to  secure  more  light  on  dark  subjects. 
These  volumes  therefore  attempt  not  merely  to  record  the  salient 
facts  of  historical  geology,  and  to  suggest  dynamic  relations  and  inter- 
pretations, but  to  indicate  to  rising  geologists  the  need  of  further  inves- 
tigations, of  more  light,  and  of  revised  interpretations  on  not  a  few 
phases  of  the  earth^s  history. 

Perhaps  the  most  radical  departure  of  this  work  from  the  prece- 
dents of  its  class  lies  in  the  larger  emphasis  laid  on  the  hypotheses 
of  the  origin  of  the  earth,  and  especially  in  the  introduction  of  a  new 
hypothesis  of  earth  genesis,  whose  dynamic  sequences  depart  widely 
from  familiar  lines.  This  recognition  of  divergent  hypotheses  at  the 
very  outset  necessarily  involves  an  effort  to  carry  through  the  inter- 
pretations of  the  whole  history  parallel  systems  of  doctrine  built  on 
the  diverse  hypotheses  recognized.  Especially  is  it  incumbent  to 
try  to  carry  out  the  logical  sequences  of  the  new  hypothesis  in  its  appli- 
cation to  the  main  problems  that  remain  imsolved,  particularly  those 
of  deformation,  vulcanism,  and  atmospheric  states.  Introduced  con- 
currently with  the  more  famiUar  views,  these  newer  modes  of  inter- 
pretation form  an  alternative  system  running  through  the  whole  work. 
It  is  believed  that  this  will  be  at  least  stimulating,  whether  or  not  it 
shall  prove  to  be  a  step  toward  the  final  system  of  interpretation, 
which  future  research  alone  will  determine. 

A  few  new  elements  of  geologic  classification  which  have  not  usu- 
ally received  more  than  partial  recognition  in  standard  works  are 
herein  given  full  recognition.  In  the  class  of  time-divisions  technic- 
ally designated  EraSy  the  Proierozoic,  long  since  proposed  by  Irving, 
has  been  adopted,  and  made  to  cover  about  the  ground  included  under 
the  Algonkian  of  the  U.  S.  Geological  Survey.  In  other  words,  it  is 
made  to  include  the  group  of  chiefly  sedimentary  or  metarsedimentary 
systems  below  the  Cambrian  and  above  the  great  terranes  of  chiefly 
igneous  or  metarigneous  origin,  referred  to  the  Archeozoic.  The  Lower 
Carboniferous,  or  Sub-carboniferous,  is  recognized  as  a  distinct  sys- 
tem under  the  name  Mississippian,  which  has  already  received  some 
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currency  in  America.  The  Lower  Cretaceous  is  also  recognized  as  a 
separate  system  imder  the  name  Comanchean.  The  reasons  for  these 
departures  from  current  classification  are  set  forth  in  the  text.  Some 
suggestions  of  further  modification  of  the  current  classification  are 
made,  but  not  adopted,  and  in  connection  with  them  the  criteria  of 
classification  are  set  forth. 

Some  periods  have  received  fuller  treatment  than  others  for  special 
reasons,  usually  for  the  sake  of  treating  new  features  with  some  ampli- 
tude when  they  first  present  themselves  in  forms  advantageous  for 
exposition.  The  Cambrian  period,  for  example,  affords  the  first  unmu- 
tilated  record  of  a  great  sedimentary  fossil-bearing  system,  and  hence 
receives  an  elaboration  that  becomes  unnecessary  with  its  successors. 
So  the  Devonian  period  furnishes  the  first  impressive  expression  of 
provincial  life-evolution  on  a  large  scale;  the  Carboniferous,  the  first 
declared  plant  evolution;  the  Permian,  the  first  well-deciphered  gla- 
ciation;  the  Pleistocene,  the  immediate  preparation  for  the  human 
period,  and  so  the  text  of  these  periods  has  been  swollen  by  these  special 
themes. 

As  in  the  previous  volume,  the  endeavor  has  been  made  to  keep 
the  discussion  as  free  from  technicalities  as  practicable,  and  to  render 
the  matter  readable.  Certain  of  the  more  complicated  problems  of 
internal  and  atmospheric  dynamics  render  this  well-nigh  imattainable, 
as  frankly  confessed  by  the  relegation  of  certain  portions  to  small 
type.  The  description  of  the  many  complexities  of  the  geographic 
distribution  and  of  the  composition  of  the  various  formations  cannot 
be  wholly  freed  from  tediousness  to  the  general  reader;  but  they  are 
so  essentially  serviceable  for  local  and  special  studies,  and  even  for 
a  concrete  general  conception  of  the  variety  of  concurrent  geological 
processes,  that  their  admission  is  regarded  as  indispensable. 

The  three  volumes  are  designed  to  furnish  the  basis  for  a  year's 
work  in  the  last  part  of  the  college  course,  or  in  the  early  part  of  a 
graduate  course.  It  may  seem  at  first  thought  that  the  amount  of 
matter  is  rather  large  for  this,  but  the  educational  saw,  that,  in  things 
historic,  nineteen  pages  of  flesh-and-blood  are  an  easier  assignment 
than  nine  pages  of  bare-bones,  is  believed  to  have  an  application  to 
geologic  history.  By  judicious  selection  of  material  to  be  presented 
and  omitted,  the  volumes  will  be  found  useful  for  briefer  courses,  and 
by  the  use  of  the  numerous  references  to  the  discussions  of  special 
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treatises,  they  may  be  made  the  basis  for  much  more  extended  courses 
than  are  commonly  given  in  imdergraduate  work.  They  will,  it  is 
hoped,  be  of  service  as  reference  books  where  short  courses  only  are 
given. 

No  attempt  has  been  made  to  make  these  volumes  a  manual,  and 
the  details  of  the  geology  of  individual  regions  will  not  be  found  in 
them,  except  as  these  details  have  been  thought  necessary  to  the  inter- 
pretation of  the  general  phases  of  the  subject.  For  local  details.  State 
and  National  Survey  reports,  and  other  special  monographs,  must  be 
consulted. 

In  the  account  of  the  geology  of  each  period,  the  text  is  so  arranged 
that  the  physical  history  of  the  continent  may  be  followed  through 
consecutively,  without  especial  reference  to  the  history  of  the  life 
and  conversely,  so  that  the  history  of  life  may  be  followed  through 
as  an  independent,  unified  subject.  This  is  an  adaptation  to  the  con- 
venience of  those  institutions  whose  division  of  instructional  labor 
permits  a  separation  of  the  treatment  of  the  physical  from  the  bio- 
logical phases  of  the  subject. 

Acknowledgments,  in  addition  to  those  made  in  Volume  I,  are 
due  to  many  colleagues  who  have  rendered  valuable  aid  in  the  prepa- 
ration of  these  volumes.  In  the  portions  relating  to  invertebrate 
paleontology,  the  assistance  of  Dr.  Stuart  Weller  has  been  so  gen- 
erous and  imreserved  that  he  has  been  scarcely  less  than  a  collaborator. 
Almost  as  much  may  be  said  of  the  assistance  of  Drs.  S.  W.  Williston 
and  E.  C.  Case  in  the  portions  relating  to  vertebrate  paleontology, 
and  of  Drs.  J.  M.  Coulter  and  H.  C.  Cowles  in  paleobotany.  The  selec- 
tion of  the  invertebrate  illustrations  and  the  preparation  of  the  anno- 
tated legends  have  been  largely  the  work  of  Professor  Weller,  and 
many  of  the  figures  for  these  illustrations  have  been  redrawn  for  this 
work  imder  his  supervision  by  Miss  Mildred  Marvin.  He  has  also 
read  both  the  manuscript  and  the  proof.  Dr.  Williston  has  read  the 
manuscript  and  proof  of  the  portions  relating  to  vertebrate  life.  In 
the  cosmological  portions,  the  collaboration  of  Dr.  Forest  R.  Moulton 
has  been  of  indispensable  service.  In  certain  mathematical  prob- 
lems. Dr.  A.  C.  Lunn  has  given  valuable  advice,  and  Dr.  Julius  A. 
Stieglitz  has  done  the  same  in  connection  with  chemical  subjects. 
The  colored  map  of  the  American  formations  has  been  prepared  by 
Professor  Bailey  Willis.    The  series  of  analytical  maps  of  the  several 
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periods  were  compiled  and  drawn  by  Mr.  C.  E.  Siebenthal  under  the 
supervision  of  the  authors.  Many  of  the  figures  in  the  text  were  drawn 
by  Mr.  G.  A.  Johnson.  In  other  ways,  much  valued  aid  has  been 
rendered  by  Professors  E.  B.  Frost,  A.  A.  Michelson,  C.  R.  Barnes, 
J.  P.  Goode,  H.  G.  Gale,  and  Messrs.  Edson  S.  Bastin  and  Eugene  W. 
Shaw.  Various  individual  investigators,  publishers,  and  surveys, 
preeminently  the  U.  S.  Geological  Survey,  have  furnished  material 
for  illustrations.  In  general  these  contributions  are  acknowledged 
in  the  text. 

The  references  to  Volume  I  are  to  the  second  edition,  in  which 
the  pagination  numbers  are  higher  than  those  of  the  first  edition  by 
a  little  more  than  one  in  twenty,  as  a  rule. 

Univsbsitt  of  Chicago,  December,  1905. 
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CHAPTER  I. 
THE  ORIGIN  OF  THE  EARTH. 

The  strata  of  the  earth  reveal  its  history  with  great  fidelity  for 
long  periods  previous  to  the  present,  but  earlier  than  that  the  record 
becomes  indistinct,  and  if  we  attempt  to  follow  it  back  to  the  beginning, 
the  indistinctness  merges  into  extreme  obscurity.  The  rocks  at  the 
base  of  the  known  sedimentary  series  are  so  greatly  disrupted,  crumpled, 
crushed,  metamorphosed,  and  traversed  by  intrusions,  that  their  his- 
tory is  deciphered  with  the  greatest  difficulty  and  no  Httle  uncertainty, 
while  below  these  lies  the  inaccessible  interior  of  the  earth  whose  for- 
mation constituted  a  still  earlier  chapter  in  the  history.  The  nature 
of  this  inaccessible  mass  can  only  be  inferred  from  volcanic  extru- 
sions, the  transmission  of  seismic  tremors,  the  phenomena  of  gravity, 
the  distribution  of  rigidity  and  of  internal  heat,  the  modes  and  pro- 
cesses of  deformation,  and  other  phenomena  of  a  more  or  less  dynamic 
kind.  All  these  phenomena  have  their  bearing  on  the  problem  of 
the  earth's  origin,  but  just  what  they  imply  cannot  yet  be  interpreted 
without  some  measure  of  reasonable  doubt. 

Besides  these  internal  phenomena,  suggestions  relative  to  the 
origin  of  the  earth  are  to  be  found  in  its  characteristics  as  a  planet, 
and  in  its  relations  to  the  other  members  of  the  solar  system.  Sug- 
gestions are  also  to  be  found  in  certain  features  of  the  solar  system 
which  show  that  it  had  no  haphazard  origin.  The  birth  of  the  system 
is  beyond  doubt  revealed  in  its  constitution  and  in  its  djmamics,  if 
one  could  but  read  the  record.  But  all  these  phenomena  of  external 
relations,  as  of  the  hidden  interior,  are  difficult  to  interpret,  and 
the  meaning  they  carry  cannot  be  read  as  we  read  the  sedimentary 
record.  We  do  read  dynamical  records.  In  the  fall  of  rain  we  readily 
read  the  previous  ascent  of  vapor,  not  so  much  by  any  material  record 
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as  through  a  known  system  of  atmospheric  dynamics.  We  readily 
follow  the  growth  of  an  oak  back  to  its  origin  by  reversing  its  organic 
processes.  By  three  observations  of  the  apparent  positions  of  a  new 
comet,  the  astronomer  traces  its  path  both  backward  and  forward. 
In  a  somewhat  similar  way,  the  history  of  the  earth  will  doubtless  in 
time  be  traced  to  its  beginning  through  its  dynamical  characters.  It 
is  quite  certain  that  the  earth  and  the  solar  system  were  organized  in 
pursuance  of  a  definite  succession  of  progressive  changes  which  are 
virtually  recorded  in  the  phenomena  of  the  present  stage.  When  a 
fuller  and  deeper  insight  into  such  phenomena  is  attained,  the  record 
will  doubtless  become  quite  readable,  and  the  interpretation  sure. 

While  awaiting  this,  we  must  be  content  with  hypotheses.  Since 
these  are  om*  only  resource,  there  is  need  to  form  as  clear  conceptions 
as  possible  of  those  h}T)otheses  that  have  been  or  may  be  entertained, 
and  of  their  working  qualities  as  applied  to  the  problems  of  the  earth. 
It  is  not  less  important  to  acquire  at  the  same  time  a  hospitable  and 
intelligent  preparedness  to  appreciate  new  light  as  it  shall  present 
itself. 

Not  a  few  of  the  doctrines  of  geology,  when  traced  back  to  their 
ultimate  terms,  are  found  to  hang  on  some  hypothesis  of  the  earth's 
initial  stage,  and  to  have  no  greater  strength  than  that  hypothesis. 
It  is  therefore  important  to  scrutinize  these  basal  h5T)otheses,  to  note 
critically  the  ways  in  which  they  enter  into  the  interpretation  of  the 
earth's  phenomena,  and  into  the  various  geological  doctrines,  and  to 
carry  into  the  study  of  earth-history  a  never-failing  sense  of  these 
hjrpothetical  dependencies.  This  should  serve  as  a  wholesome  guard 
against  the  acceptance  of  conclusions  as  substantiated,  when  they  are 
in  reality  hjrpothetical  in  their  ultimate  dependence;  especially  should 
it  guard  against  the  unconscious  acceptance  of  conclusions  as  though 
they  were  demonstrated,  when  in  reahty,  traced  a  step  or  two  backward, 
they  may  be  found  to  be  grounded  solely  on  a  hypothesis. 

It  is  the  glory  of  geology  that  it  is  a  growing  science.  While  it 
has  an  enormous  mass  of  the  firmest  data,  and  its  great  conclusions 
rest  on  most  substantial  grounds  and  will  never  be  radically  changed 
by  any  developments  in  the  future,  it  has,  at  the  same  time,  many 
problems  that  are  yet  unsolved,  many  doctrines  that  are  yet  debatable, 
many  depths  that  are  yet  imfathomed.  At  all  points,  therefore,  it 
invites  an  investigative  spirit:    it  courts  an  attitude  of  independent 
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thought  and  of  critical  scrutiny.  Especially  is  this  true  of  the  hypo- 
theses of  the  origin  and  early  states  of  the  earth,  to  which  we  now 
turn. 

HYPOTHESES  OF  THE  EARTH'S  ORIGIN. 

It  is  the  nearly  unanimous  conviction  of  astronomers  that  the 
solar  system  was  evolved  in  some  way  from  a  nebula  of  some  form. 
Until  recent  years,  the  majority  of  astronomers  accepted  the  special 
theory  of  Laplace,  presently  to  be  sketched.  So  general  has  been 
this  acceptance  that  the  theory  of  Laplace  has  come  to  be  known  as 
"The  Nebular  Hypothesis,"  and  when  this  phrase  is  used  without 
qualification,  this  particular  hypothesis  is  usually  meant.  The  advance 
of  inquiry,  however,  makes  it  necessary  now  to  consider  at  least  two 
other  hypotheses,  each  of  which  postulates  that  the  solar  system  arose 
from  a  nebula,  but  a  nebula  whose  constitution  and  mode  of  evolu- 
tion differed  from  that  postulated  by  Laplace.  In  a  broad  sense,  all 
these  are  nebular  hypotheses.  Each  of  them  embraces  sub-hypotheses 
or  variations,  but  in  their  basal  features  they  are  distinct  and  form 
three  definite  classes. 

I.  The  gaseous  hypothesis. — ^In  this,  the  parent  nebula  is  assumed 
to  have  been  formed  of  gas  aggregated  by  gravity  in  accordance  with 
the  laws  of  gases,  and  to  have  been  evolved  into  the  present  state  by 
a  gradual  passage  from  the  original  system  of  gaseous  dynamics  into 
the  present  system  of  planetary  dynamics.  The  type  of  the  class  is 
the  Laplacian  hypothesis. 

II.  The  meteoritic  hypothesis. — In  this,  the  parent  nebula  is  assumed 
to  have  been  a  swarm  of  meteorites,  the  individual  members  of  which 
moved  in  diverse  directions  and  suffered  frequent  collisions,  attended 
by  heat,  Ught,  and  vaporization.  The  type  is  the  conception  worked 
out  by  G.  H.  Darwin,  in  which  the  swarm  of  meteorites  is  thought 
to  have  behaved  essentially  as  a  coarse  gas,  the  evolution  of  the  system 
being  dynamically  like  that  of  a  gaseous  system:  indeed,  the  initial 
meteoritic  aggregation  may  have  actually  passed,  at  a  later  stage, 
into  a  gaseous  one  by  the  vaporization  of  the  constituent  meteorites. 

III.  The  planetesimal  hypothesis. — In  this,  the  constituents  may 
be  molecules  or  small  masses  of  any  kind  moving  in  orbits  about  a 
common  center.  They  are  not  primarily  controlled  by  collision  and 
rebound  as  in  the  preceding  cases,  but  by  revolution  about  their  com- 
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mon  center  of  gravity  or  some  central,  body,  as  are  the  planets  to-day. 
In  other  words  the  constituents  are  infinitesimal  planetoids  or  planetesi- 
mals.  Under  this  hypothesis  the  dynamical  system  was  essentially  the 
same  at  the  outset  as  it  is  now;  the  evolution  has  consisted  in  the 
aggregation  of  the  planetesimaJs  into  planets  and  satellites.  Dynamic- 
ally considered,  it  differs  more  from  the  other  two  hypotheses  than  they 
do  from  one  another,  but  it  is  liable  to  be  confused  with  the  second, 
from  which,  however,  it  departs  fundamentally.  These  three  hypothe- 
ses will  be  considered  in  detail. 

I.  The  Laplacian  or  "Nebular"  Hypothesis.^ 

During  the  last  century  the  Laplacian  hypothesis  of  the  origin 
of  the  solar  system  was  almost  universally  accepted  by  men  of  science, 
and  geological  theories  respecting  the  early  states  of  the  earth  and 
respecting  many  of  its  subsequent  events  were  built  upon  it,  and  these 
views  remain  largely  prevalent  to-day. 

The  postulated  nebula. — The  Laplacian  hypothesis  assumes  that 
the  matter  of  the  solar  system  was  once  in  an  extremely  heated  gase- 
ous condition  and  formed  a  vast  spheroid  extending  beyond  the  outer- 
most planet  and  rotating  in  the  same  direction  as  the  present  system. 
How  this  condition  of  things  arose  was  not  definitely  postulated  by 
Laplace.  It  has  since  been  referred  to  the  collision  of  two  large  bodies, 
and  to  other  agencies.  The  extreme  tenuity  of  the  gaseous  spheroid 
thus  postulated  is  to  be  noted,  for  computation  makes  its  average 
density  but  a  small  fraction  of  a  millionth  of  the  density  of  our  atmos- 
phere at  the  surface  of  the  earth,  while  its  outer  density  was  very 
much  less.2  The  hypothesis  assumes  that  this  extreme  degree  of 
rarefaction  was  maintained  by  intense  heat. 

Formation  of  rings. — The  hypothesis  holds  that  the  gradual  loss 
of  this  heat  by  radiation  must  have  resulted  in  contraction;  and  that 

^A  somewhat  similar  hypothesis  was  advanced  earlier  by  the  philosopher  Kant 
and  a  cruder  one  still  earlier  by  Thomas  Wright.  Swedenborg  also  made  a  sugges- 
tion in  the  same  line.  These  earlier  attempts,  however,  commanded  little  attention 
and  the  wide  acceptance  which  the  hypothesis  gained  later  was  due  mainly  to  the 
elegant  elaboration  given  it  by  the  mathematical  genius  of  Laplace,  and  to  the  giBat 
influence  of  his  name  which  it  properly  bears.  The  hypothesis  is  here  sketched  in 
the  slightly  modified  forms  usually  held  at  present. 

'  Kelvin  gives  the  average  density  of  a  gaseous  nebula  having  a  radius  forty  times 
that  of  the  earth's  orbit,  as  1/570,000,000  of  that  of  common  air  at  the  ordinary  tem- 
perature of  10**  C.  (Pop.  Lect.  and  Add.  I,  p.  419).  F.  R.  Moulton  finds  the  average 
density  when  the  nebula  extended  to  the  orbit  of  Neptune,  1/240,000,000  of  average 
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this  must  have  led  to  accelerated  rotation.  When  the  rotation  reached 
a  certain  speed,  the  centrifugal  acceleration  at  the  equator  of  the 
spheroid  would  come  to  equal  the  centripetal  acceleration  of  gravity. 
The  equatorial  portion  would  then  no  longer  contract,  while  the  re- 
mainder, having  less  rotational  speed  and  continuing  to  shrink  from 
ftirther  loss  of  heat,  would  draw  away  from  it.  The  equatorial  portion 
is  conamonly  said  inaccurately  to  be  "thrown  off."  The  h\T)othesis 
assumes  that  the  equatorial  matter  so  left  behind  would  constitute  a 
ring  resembling  the  rings  of  Saturn;  indeed,  there  is  little  doubt  that 
the  Satumian  rings  suggested  the  theory.  It  further  assumes  that,  as 
the  cooling  and  contraction  of  the  spheroid  continued,  additional  rings 
to  the  number  of  the  present  planets  were  left  behind. 

It  has  been  objected  that  the  matter  left  behind  in  this  way  would 
separate  particle  by  particle,  forming  a  kind  of  disk,  and  not  a  series 
of  definite  rings,  since  the  centrifugal  acceleration  would  come  into 
equality  with  the  centripetal  gradually  and  at  different  times  for 
each  successive  distance  from  the  center.  There  could  have  been 
no  appreciable  cohesion  to  restrain  the  separation;  on  the  contrary, 
the  individual  velocities  of  the  molecules  should  have  aided  individual 
separation.    But  this  is  not  the  view  taken  by  the  hypothesis. 

Fonnation  of  gaseous  spheroids. — It  is  further  assumed  that  as  the 
rings  cooled  they  parted  at  their  weakest  points  and  collected  into 
spheroids  which  were  still  hot  and  gaseous  like  the  original  spheroid. 
These  afterwards  followed  a  similar  course  of  evolution,  detaching 
rings  in  most  cases,  which  in  turn  parted  and  gathered  into  smaller 
spheroids. 

The  spheroids  into  which  the  first  set  of  rings  contracted  are  assumed 
to  have  at  length  condensed  into  the  several  planets,  those  of  the 
secondary  rings  into  the  satellites,  while  the  great  central  spheroid 
formed  the  sun. 

The  earth-moon  ring. — ^In  the  case  of  our  planet,  it  is  held  that 
the  matter  of  the  earth  and  moon  together  was  originally  separated 
from  the  solar  spheroid  as  a  conmion  ring  at  a  rather  late  stage  in 
the  evolution  of  rings,  and  that  this  ring  coalesced  into  a  hot  gaseous 
spheroid  which,  in  the  course  of  its  contraction,  in  turn  detached  a 
ring  from  its  equator,  and  that  this  ring  condensed  into  the  moon. 

air  at  the  earth's  surface  (Tests  of  the  Nebular  Hypothesis,  Astroph3rs.  Jour.,  Vol. 
n.  1890,  p.  114). 
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According  to  the  original  Laplacian  hypothesis,  the  earth,  after 
the  separation  of  the  moon-ring,  was  still  a  spheroid  of  hot  gas  which 
continued  to  cool  and  shrink  until  finally  its  main  mass  passed  into 
a  liquid  and  at  length  into  its  present  state. 

Darwin's  modification. — George  H.  Darwin  ^  has  proposed  a  modi- 
fication of  the  theory,  so  far  as  relates  to  the  moon,  which  he  supposes 
to  have  separated,  not  as  a  ring  while  the  earth  was  still  in  an  ex- 
panded gaseous  condition,  but  as  a  lump,  or  as  a  series  of  fragments, 
after  the  earth  had  concentrated  to  a  liquid  or  perhaps  even  an  incipient 
solid  state.  By  a  beautiful  mathematical  investigation  of  the  effect 
of  a  postulated  body-tide  of  the  earth  upon  the  motion  of  the  moon, 
he  concluded  that  the  moon  has  been  forced  to  retire  gradually  from 
a  position  at  or  near  the  earth,  to  its  present  distance,  in  the  course 
of  its  history.  The  tidal  protuberance  of  the  earth  is  carried  forward 
by  rotation,  and  so  tends  to  draw  the  moon  forward  in  its  course.  This 
causes  the  moon  to  take  a  larger  orbit,  while  the  backward  pull  of 
the  moon  on  the  tidal  protuberance  tends  to  retard  the  rotation  of 
the  earth.  That  the  tides  tend  to  force  the  moon  to  retire  in  some 
measure,  is  a  sure  deduction  from  the  dynamics  of  tidal  forces  and 
the  assumption  of  a  body-tide,  and  hence  it  seems  probable  that  the 
moon  was  originally  nearer  the  earth  than  it  is  now;  but  how  much 
nearer  remains  an  open  question  on  which  we  have  already  touched.^ 
On  account  of  its  close  relations  to  the  earth,  the  origin  and  history 
of  the  moon  are  matters  of  great  interest,  but  the  different  views  that 
have  been  entertained  cannot  be  pursued  into  detail  at  this  point. 

Supposed  passage  of  the  earth  from  the  gaseous  to  the  present  con- 
dition.— ^The  Laplacian  hypothesis  assumes  that  the  earth-matter 
remained  essentially  in  the  gaseous  condition  imtil  the  heat  of  the 
central  portion  fell  to  the  temperature  of  liquefaction  of  the  more 
refractory  matter,  when  a  liquid  nucleus  formed.  As  cooling  went 
on,  this  grew  until  the  chief  rock-substances  had  concentrated  into  a 
molten  globe,  while  the  more  volatile  material  remained  in  a  gaseous 
state  and  formed  a  vast  hot  atmosphere. 

*  On  the  Secular  Changes  in  the  Elements  of  the  Orbit  of  a  Satellite  Revolving  about 
a  Tidally-distorted  Planet,  Phil.  Trans.  Roy.  Soc,  Pt.  II,  1880.  Also,  On  the  Tidal 
Friction  of  a  Planet  Attended  by  several  Satellites  and  on  the  Evolution  of  the  Solar 
System,  ditto,  Pt.  II,  1881. 

» Vol.  I,  p.  576. 
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The  supposed  crust. — ^It  was  formerly  held  that  the  next  step  was 
the  crusting-over  of  this  molten  globe  by  surface  cooling,  and  that 
this  was  followed  by  a  progressive  thickening  of  the  crust.  It  was  a 
common  view  that  this  state  continued  even  down  to  the  present  day, 
and  that  the  earth  still  consists  of  a  liquid  interior  inclosed  in  a  solid 
shell.  The  term  "crust  of  the  earth''  arose  from  this  belief,  and  it  is 
still  much  used  as  the  most  convenient  term  for  the  outer  part  of  th« 
earth,  even  by  those  who  do  not  attach  the  original  meaning  to  it. 
Against  this  view  it  has  been  urged  that  solid  lava  is  heavier  than 
molten  lava  and  should  therefore  sink  to  the  center  as  fast  as  it  formed. 
In  reply  it  is  urged  that,  in  such  a  molten  globe,  the  heaviest  material 
would  gather  at  the  center,  with  successive  layers  of  lighter  and  lighter 
material  above  it,  the  lightest  of  all  being  at  the  siu-face,  so  that,  even 
though  the  solidified  portions  of  this  lightest  layer  were  heavier  than 
their  ovm  liquid  stratum,  and  so  would  sink  through  it,  they  would 
still  be  lighter  than  the  heavier  liquid  layers  below,  and  would  thus 
be  arrested  by  them.  These  simken  portions  might  be  remelted  for 
a  time,  but  the  process  would  at  length  so  cool  the  whole  outer  layer 
that  remelting  would  cease,  and  a  subcrust  would  form  which,  in  time, 
would  be  built  up  to  the  surface  and  give  a  complete  crust  formed  of 
the  outermost  layer  of  Hght  material.  In  pursuance  of  this  view,  it 
was  supposed  that  the  granitic  group,  the  lightest  class  of  igneous 
rocks,  formed  the  primitive  siuface,  but  this  special  view  has  been 
weakened  by  recent  studies  of  the  oldest  known  rocks. 

Astronomical  argument  for  solidity. — ^Arguments  against  a  crust 
resting  on  a  liquid  bed  have  been  brought  to  bear  by  physicists  and 
astronomers  who,  reasoning  from  the  phenomena  of  the  tides,  of  th« 
precession  of  the  equinoxes,  of  variation  of  latitude  and  of  nutation, 
have  urged  that  the  earth  must  be  essentially  soHd;  must,  indeed, 
have  a  practical  rigidity  of  a  high  order.  The  support  of  the  con- 
tinental platforms  at  a  height  of  12,000  to  18,000  feet  above  the  ocean 
basins,  as  well  as  the  support  of  the  great  plateaus  and  moxmtain 
ranges  superposed  on  these,  present  other  grave  objections  to  the 
hypothesis  of  a  liquid  interior.  To  these  last  objections,  the  answer 
has  been  made  that  the  continents,  plateaus,  and  moimtains  are  inher- 
ently lighter  than  the  material  of  the  ocean  bottoms,  and  this  seems 
to  be  essentially  true.  To  the  astronomical  argument  it  has  been 
replied,  in  part,  that  a  stiff  liquid  inclosed  in  a  thick  shell  and  rota- 
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ting  rapidly  would  act  toward  a  transient  external  force  as  though 
it  were  a  solid. 

Notwithstanding  these  answers,  the  opposing  considerations  have 
greatly  reduced  the  number  of  adherents  of  a  molten  interior,  among 
whom  were  once  embraced  the  great  body  of  geologists.  The  view  is 
still  held,  however,  by  eminent  geologists,  and — what  is  more  needful 
to  note — it  remains  embodied  unwittingly  in  many  doctrines  relating 
to  the  interior  and  to  its  djmamics  which  are  held  by  those  who  have 
ceased  to  hold  the  parent  view.  A  striking  example  of  this  is  found 
in  the  thermal  discussions  of  Lord  Kelvin  and  others  in  which  a  uni- 
form temperature  in  the  deep  interior  is  assumed.  This  is  really  a 
corollary  of  the  conception  of  surface  cooling  and  convection,  and 
apparently  can  have  no  other  basis.  Yet  it  has  entered  profoundly 
into  nearly  all  the  fundamental  doctrines  of  deformation.  Its  bear- 
ings have  been  indicated  in  Vol.  I,  pp.  559,  560. 

Supposed  solidification  from  the  center  outward. — For  substances 
which  shrink  in  solidifying,  as  do  most  rocks,  it  is  a  general  law  that 
the  melting-points  are  raised  by  pressure.  Out  of  this  has  grown 
the  doctrine  that  solidification  due  to  pressure  would  begin  at  the  center 
of  the  .earth  while  yet  the  outer  part  was  liquid.  This  view  has  been 
much  strengthened  by  the  experiments  of  Barus  and  others.^  Under 
such  pressure  as  could  be  applied,  Barus  found  the  rise  of  the  melting- 
point  of  a  typical  rock  (diabase)  to  be  directly  as  the  pressure.  Extended 
by  computation  to  the  center  of  the  earth,  the  melting-point  would 
be  76,000®  C.  It  is  of  course  imcertair  whether  the  law  would  hold 
good  throughout  the  extraordinary  conditions  of  the  deep  interior, 
and  little  weight  is  to  be  attached  to  the  precise  figure  given,  but  the 
general  deduction  is  of  fundamental  importance.  As  this  doctrine 
of  solidification  imder  pressure,  in  spite  of  heat,  seems  to  have  the 
support  of  the  best  available  experimental  data,  and  as  it  meets  the 
astronomical  and  topographic  arguments  for  a  solid  earth,  it  has  come 
to  have  wide  acceptance.  Under  this  general  view,  it  is  held  by  some 
that  the  solidification  continued  outward  from  the  center  until  the 
surface  was  reached,  and  that  the  surface  cooled  last  of  all,  a  conclusion 
precisely  the  opposite  of  the  old  view. 

Supposed  middle  molten  zone. — By  others  it  is  thought  that  crust- 
ing over  at  the  surface  took  place  before  the  central  solidification 

» U.  S.  Geol.  Surv.,  Bull.  103.     See  also  Vol.  I,  this  work,  pp.  562-664. 
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reached  the  surface,  and  that  there  was  then  a  zone  of  liquid  between 
a  solid  crust  and  a  solid  center.  This  zone  is  thought  by  some  to  have 
remained  to  the  present  time;  by  others  to  have  solidified  later,  and 
by  still  others  to  have  partially  solidified  so  that  the  crust  is  joined 
to  the  central  mass  by  solid  supports,  while  residues  of  liquid  have 
been  left  between  in  certain  portions.  By  postulating  these  liquid 
residues,  a  source  for  the  lavas  ejected  at  later  stages  is  hj^othetically 
provided. 

Hypothetical  gaseous  center. — Against  the  view  of  a  solid  center 
it  is  urged  that  the  temperature  of  the  gaseous  globe  at  its  center  must 
have  been  above  the  critical  point,  and  must  have  risen  with  progressive 
condensation  so  long  as  it  remained  in  the  gaseous  state,  and  hence 
that  the  gaseous  center  could  not  have  taken  on  the  solid  state.  A 
globe  with  a  gaseous  center  is  therefore  a  fourth  conception.  How 
this  is  to  be  reconciled  with  the  evidences  of  rigidity  and  other  physical 
phenomena  of  the  globe  is  not  obvious. 

There  thus  arise  from  the  Laplacian  hypothesis  four  general  con- 
ceptions of  the  state  of  the  body  of  the  earth:  (1)  that  it  is  all  liquid 
within  and  merely  crusted  over,  (2)  that  it  is  solid  at  the  center  and 
crusted  over  on  the  surface,  with  a  liquid  or  partially  liquid  zone  between, 
(3)  that  it  is  solid  throughout,  and  (4)  that  its  center  is  gaseous  and 
its  exterior  solid. 

Part  played  in  geologic  doctrines. — The  view  that  the  earth  was 
once  in  a  molten  state  very  naturally  led  to  certain  inferences  as  to 
the  internal  arrangement  of  the  matter,  the  original  form  of  the  sur- 
face, the  state  of  the  primitive  atmosphere,  and  to  a  long  chain  of 
dependent  interpretations;  and  so  the  hypothesis  has  become  inter- 
woven with  the  interpretations  of  nearly  all  the  great  phenomena  of 
geology.  The  changes  in  the  form  of  the  earth,  the  warping  of  its 
crust  into  ocean  basins  and  land  protrusions,  its  wrinkling  into  moim- 
tains,  its  fissurings  and  faultings,  its  risings  and  fallings,  its  volcanoes 
and  its  earthquakes,  have  been  usually  regarded  as  the  natural  sequences 
of  a  cooling  globe.  So,  too,  the  consimiption  of  the  atmosphere  in 
the  formation  of  the  oxides,  carbonates,  and  carbonaceous  deposits, 
and  the  absorption  of  the  ocean  into  the  body  of  the  earth,  are  cur- 
rent doctrines  foimded  on  the  Laplacian  hypothesis. 

Supporting  phenomena. — In  favor  of  the  Laplacian  hypothesis 
stand  the  imquestioned  facts  that  the  interior  of  the  earth  is  hot,  that 
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molten  rock  has  been  extruded  from  it  at  various  times  throughout 
the  known  geologic  ages,  and  that  the  earliest  known  rocks  are  largely 
igneous  or  igneous  derivatives.  In  its  favor  also  has  been  cited  a 
long  list  of  beautiful  harmonies  in  the  solar  system,  whose  features  of 
symmetry  have  been  thought  to  tally  well  with  the  orderly  separa- 
tion of  its  members  as  successive  rings.^ 

Objections  to  the  Laplacian  hypothesis. — Notwithstanding  the 
very  general  acceptance  of  the  Laplacian  hypothesis  during  the  past 
century,  -  certain  objections  have  all  along  been  urged  against  it,  and 
recently  certain  new  ones  of  a  cogent  nature  have  been  pressed  upon 
consideration.^ 

(1)  As  already  noted,  it  has  been  urged  that  definite  rings  might 
not  be  formed,  but  that  the  equatorial  matter  would  more  probably 
separate  particle  by  particle. 

(2)  It  has  been  questioned  whether  the  rock  substance  of  the  earth 
in  the  attenuated  condition  it  must  have  had  in  the  supposed  earth- 
moon  ring  would  not  have  cooled  to  solid  particles  long  before  it  could 
have  collected  into  a  spheroid. 

(3)  By  mathematical  investigation,  Moulton  has  recently  shown 
that  there  are  grave  mechanical  difficulties  in  the  contraction  of  a 
ring  into  a  spheroid  as  simply  and  promptly  as  supposed  by  Laplace, 
and  this  gives  new  point  and  force  to  the  preceding  objection. 

(4)  It  has  been  urged  that  in  so  highly  heated  a  condition  as  the 
hypothesis  assumes,  the  molecular  velocities  of  the  lighter  gases  of 
the  ring  would  be  so  great  that  they  could  not  be  held  together  by 
the  attraction  of  the  ring,  and  perhaps  could  not  be  controlled  even 
by  the  gravity  of  the  supposed  gaseous  spheroid. 

(5)  It  is  a  most  singular  fact  that  Phobos,  the  inner  satellite  of 
Mars,  revolves  in  less  than  a  third  of  the  time  of  the  planet's  rota- 
tion, whereas,  according  to  the  Laplacian  theory,  the  planet's  rate 
of  rotation  should  have  kept  on  increasing  after  the  ring  that  formed 

*  A  full  list  of  these  is  given  in  World  Life  by  Alex.  Winchell. 

*  A  Group  of  Hypotheses  bearing  on  Climatic  Clianges,  Jour.  Geol.,  Vol.  V,  No.  7, 
1897,  pp.  653-83;  An  Attempt  to  Test  the  Nebular  Hypothesis  by  the  Relations  of 
Masses  and  Momenta,  Jour.  Geol.,  Vol.  VIII,  No.  i,  January-February,  1900,  pp. 
68-73;  Certain  Recent  Attempts  to  Test  the  Nebular  H3rpothe8is,  Science,  Vol.  XII, 
August  10,  1900,  T.  C.  Chamberlin;  An  Attempt  to  Test  the  Nebular  Hypothesis 
by  an  Appeal  to  the  Laws  of  Dynamics,  Astrophys.  Jour.,  Vol.  XI,  No.  2,  March, 
1900,  pp.  103-130,  F.  R.  Moulton. 
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Phobos  was  detached.  To  explain  this  difficulty,  G.  H.  Darwin  has 
suggested  that  tidal  retardation  may  have  decreased  the  planet's  rota- 
tion much  more  than  the  contraction  increased  it,  but  this  seems 
highly  improbable.  Furthermore,  Moulton  has  shown  that  the  par- 
ticles that  make  up  the  inner  edge  of  the  inner  ring  of  Saturn  revolve 
in  about  half  the  planet's  time  of  rotation,  and  that  the  tidal  argu- 
ment, applied  to  Mars,  does  not  fit  this  even  more  singular  case  with- 
out making  new  and  inconsistent  assumptions.^ 

(6)  But  perhaps  the  most  severe  test  to  which  the  Laplacian 
hypothesis  has  recently  been  subjected  is  founded  on  a  study  of 
the  relations  of  mass  and  momenta.  It  is  a  firmly  established  law  of 
mechanics  that  the  moment  of  momentimi  of  any  freely  rotating  or 
revolving  system,  like  the  nebula  in  question,  remains  constant,  if  not 
influenced  from  without,  whatever  changes  the  system  may  undergo; 
and  this  principle  is  peculiarly  well  adapted  to  test  the  evolution  of 
the  solar  system.  Now  Moulton  has  shown  ^  that  if  the  solar  system 
be  converted  into  a  gaseous  spheroid,  so  expanded  as  to  fill  Neptune's 
orbit,  and  so  distributed  in  density  as  to  conform  to  the  recognized 
laws  of  gases,  and  if  the  whole  moment  of  momentum  now  possessed 
by  the  solar  system  be  given  to  it,  it  will  not  have  a  rate  of  rotation 
sufficient  to  detach  matter  from  its  equator,  and  would  not  acquire 
such  a  rate  imtil  it  had  contracted  well  within  the  orbit  of  the 
innermost  planet. 

(7)  If  the  method  be  reversed  and  the  expanded  spheroid  be  given 
the  successive  rates  of  rotation  necessary  to  develop  the  rings  at  the 
requisite  stages,  the  moment  of  momentum  of  the  system  at  each  ring's 
birth  should  equal  the  existing  moment  of  momentum  of  the  derived 
bodies.  But  Moulton's  computations  show  that,  at  the  stage  that  gave 
birth  to  the  Neptunian  ring,  the  moment  of  momentum  of  the  restored 
nebula  must  have  been  more  than  200  times  as  great  as  the  present 
moment  of  momentum;  in  the  Jovian  stage,  it  must  have  been  140 
times  as  great;  in  the  earth  stage,  1800  times  as  great,  and  in  the  Mer- 
curial stage,  1100  times  as  great.  Here  is  not  only  an  enormous  dis- 
crepancy, but  one  that  varies  greatly  and  irregularly  from  stage  to 
stage.  This  seems  to  show  that  the  discrepancies  cannot  be  due  to 
any  failure  of  the  law  of  density  of  gases  to  hold  good,  for  that  should 
give  a  consistent  systematic  error. 

*  Loc.  cit. 
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(8)  So  again,  if  the  ratios  of  the  masses  separated  at  the  successive 
stages  be  compared  with  the  momenta  they  carried  off,  very  remark- 
able discrepancies  arise.  In  this  case  the  moment  of  momentum  of 
the  parent  nebula  at  any  stage  may  be  computed  from  the  moments . 
of  momentimi  of  its  derivatives,  and  so  all  doubts  that  may  arise  from 
the  distribution  of  density  in  the  nebula  be  avoided.  For  example, 
the  mass  of  the  supposed  ring  that  formed  Jupiter  and  his  moons  was 
less  than  one-thousandth  part  of  the  solar  nebula  at  the  stage  at  which 
the  ring  was  separated;  but  Jupiter  and  his  moons  now  have  about 
96%  of  the  total  amount  of  moment  of  momentimi  of  the  whole  nebula 
at  that  stage.  In  other  words,  the  Laplacian  hypothesis  involves 
the  proposition  that  in  a  rotating  gaseous  spheroid,  an  equatorial 
ring  equal  to  less  than  one-thousandth  of  the  whole  mass,  in  separating 
by  centrifugal  acceleration,  carried  off  95%  of  the  whole  moment  of 
momentum,  which  seems  incredible.  A  similar  examination  of  the 
separation  of  other  rings  gives  like  extraordinary  results,  and  these 
results,  as  in  the  previous  case,  vary  greatly  and  irregularly  among 
themselves,  showing  a  lack  of  system  or  consistency  in  the  supposed 
process  of  ring  detachment. 

The  inquiry  along  these  lines,  being  of  a  somewhat  rigorous  mechani- 
cal nature,  throws  grave  doubt  on  the  validity  of  the  Laplacian  hypothe- 
sis. It  seems  to  show  that  the  solar  system  must  have  been  organ- 
ized so  that  a  very  small  fraction  of  the  matter  (i.e.,  the  planetl^  and 
satellites,  which  amoimt  to  about  1/700  of  the  whole  system)  carry 
nearly  all  (97  +  %)  of  the  moment  of  momentum,  leaving  less  thaa 
3%  in  the  central  body  that  carries  all  of  the  matter  but  the  minute 
fraction  named.  It  is  difficult  to  see  how  this  could  arise  from  a  rota- 
ting spheroid.  Tidal  reaction,  by  transferring  momentum  from  the 
central  to  the  outlying  bodies,  may  help  slightly  to  escape  from  the 
difficulty,  but  computation  shows  that  it  is  utterly  inadequate  to 
meet  the  cajse. 

(9)  Under  the  Laplacian  hypothesis  the  satellites  should  all  revolve 
in  the  direction  in  which  their  planets  rotate.  The  newly  discovered 
ninth  satellite  of  Saturn  revolves  in  a  direction  opposite  to  the  planet 
and  the  inner  satellites. 

Unfavorable  teBtimony  of  existing  nebulae. — The  hold  of  the  Lapla- 
cian hypothesis  has  been  still  further  weakened  by  the  fact  that, 
though  the  knowledge  of  existing  nebulae  has  recently  been  extended 
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very  greatly  by  irfiotography,  nebulse  have  not  been  found  which 
present  a  series  of  such  systematic  annulations  as  the  hypothesis  pos- 
tulates. On  the  contrary,  the  spiral  nebula,  as  annoimced  by  the 
late  Professor  Keeler,^  is  found  to  be  the  dominant  type. 

II.  The  Meteoritic  Hypothesis. 

A  sample  but  untenable  fonn. — It  was  long  ago  noted  that,  from 
time  to  time,  fragments  of  stony  and  metalUc  matter  fell  from  the 
heavens,  and  that  shooting  stars  entered  the  upper  atmosphere  nightly 
in  great  numbers;  and  out  of  this  naturally  grew  the  suggestion  that 
the  earth  may  have  been  built  up  in  this  way,  save  that  the  process 
was  rapid  in  the  early  ages  before  the  heavens  had  been  so  thoroughly 
swept  of  meteoritic  material.  This  form  of  the  hypothesis,  however 
simple  and  natural,  may  be  dismissed  without  serious  consideration, 
for  the  distribution  of  meteorites,  their  directions  of  motion,  and  their 
velocities  are  such  as  to  forbid  the  belief  that  the  solar  system,  with 
its  symmetrical  discoid  form  and  its  many  peculiar  and  significant 
features,  could  have  been  formed  from  them  directly  in  the  manner 
supposed. 

The  hypothesis  of  Lockyer  and  Darwin. — In  a  work  entitled  *'The 
Meteoritic  Hypothesis  "  Lockyer  has  endeavored  to  show  that  nebulae 
are  composed  of  meteorites  sparsely  aggregated  into  swarms,  and  that 
stellar  systems  are  evolved  from  them.  His  hypothesis  is,  therefore, 
nebulo-meteoritic,  and  relates  to  a  stage  antecedent  to  the  formation 
of  the  planets.  He  assigns  the  light  of  the  nebula)  to  the  collision  of 
the  meteorites  with  one  another.  To  meet  the  fact  that  the  spectra 
of  some  nebulae  are  of  the  gaseous  type,  he  assumes  that  the  impact 
vaporizes  a  part  of  the  meteorites,  and  these  vaporized  portions  give 
forth  the  gaseous  spectra.  It  remains  to  be  explained,  however,  why 
the  spectra  of  these  nebulae  rarely  show  anything  but  hydrogen,  helium, 
and  an  imknown  substance,  or  substances,  provisionally  called  nebulium, 
and  are  never  known  to  show  metals.  The  continuous  spectra  which 
other  nebulae  present  he  refers  to  the  solid  or  liquid  portions  set  aglow 
by  collision.  The  luminosity  of  any  given  meteorite  arising  from 
impact  must  be  very  transient,  but  the  hypothesis  assumes  that  the 
aggregate  result  of  many  such  collisions  is  a  nearly  constant  emanation 

*  Astrophysical  Journal,  June,  1900,  pp.  347, 348. 
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of  light.  Lockyer's  treatise  does  not  enter  into  a  definite  discussion 
of  the  mechanics  involved  in  the  original  gathering  together  of  the 
nebular  swarm,  nor  does  it  attempt  to  trace  the  course  of  evolution 
down  to  the  origin  of  the  planets  and  the  specific  genesis  of  the  earth. 

In  a  very  notable  paper/  George  H.  Darwin,  starting  with  such  a 
swarm  already  aggregated  and  abready  possessed  of  a  mass  and  a  dis- 
tribution suited  to  the  formation  of  the  solar  system,  has  elaborately 
discussed  its  mechanical  characters.  The  essential  result  of  his  labori- 
ous inquiry  is  the  conclusion  that  such  a  swarm  is  dynamically  analo- 
gous to  a  gas,  and  that  the  laws  governing  gases  may  be  applied  to  the 
discussion  of  its  mechanical  properties.  He  does  not  attempt  to  carry 
the  history  forward  into  the  development  of  the  planets,  but  apparently 
believes  that  they  arose  from  equatorial  detachment,  as  in  the  Lapla- 
cian  hypothesis.  In  its  immediate  application  to  the  origin  of  the 
earth,  this  special  form  of  the  meteoritic  hypothesis  seems  therefore 
to  become  practically  identical  with  the  gaseous  hypothesis,  and  hence 
to  be  subject  to  the  criticisms  urged  against  that  hypothesis,  notably 
those  arising  from  the  relations  of  mass  and  momenta,  which  seem  to  be 
the  most  grave. 

There  arises  also  the  question  whether  such  a  swarm  of  meteorites 
would  not  actually  pass  into  the  gaseous  condition^  as  the  result  of  the 
heat  developed  by  the  frequent  and  violent  collisions  of  the  meteorites. 
To  the  swarm  under  investigation,  Darwin  assigned  a  radius  44J  times 
the  radius  of  the  earth's  orbit,  which  involves  a  quite  attenuated  dis- 
persion. At  even  this  dispersed  stage,  he  computed  that  collisions,  in 
the  region  of  the  present  earth's  orbit,  would  occur  at  a  rate  of  ten 
or  more  per  day,  and  at  an  average  velocity  of  three  or  more  miles  per 
eecond.  With  this  frequency  and  velocity,  it  would  seem  that  the 
meteorites  could  not  long  escape  comminution  and  vaporization.  As 
the  comminution  and  vaporization  progressed,  and  as  the  nebula  con- 
densed, the  frequency  of  the  collisions  must  have  increased,  and  the 
escape  of  the  augmented  heat,  so  caused,  must  have  been  more  and 
more  obstructed.  The  logical  conclusion  seems  to  be  that  an  actual 
passage  into  the  gaseous  condition  would  ensue. 

As  this  form  of  the  meteoritic  hypothesis  thus  appears  to  merge 
into  the  gaseous  one,  dynamically,  if  not  literally,  before  the  birth- 

'  On  the  Mechanical  Conditions  of  Swarms  of  Meteorites  and  on  Theories  of  Cos- 
mogony, Phil.  Trans.  Roy.  Soc.,  1888. 
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stage  of  the  earth  is  reached,  it  is  not  needful  to  follow  it  further  here, 
where  the  origin  of  the  earth  is  the  subject  of  quest. 

Is  some  other  form  of  the  meteoritic  hypothesis  tenable? — Is  it  pos- 
sible to  postulate,  on  probable  grounds,  some  other  phase  of  meteoritic 
assemblage  that  will  continue  to  be  meteoritic  throughout  its  evolution 
down  to  the  formation  of  the  earth,  and  give  distinctive  geologic  results? 
Prolonged  efforts  on  the  part  of  one  of  the  authors  to  frame  such  a 
hypothesis,  in  definite  terms  and  in  a  workable  form,  have  been  attended 
by  imsatisfactory  results  only.  The  difficulties  are  very  grave.  On 
the  one  hand  are  dispersive  agencies  that  tend  to  keep  up  the  scattered 
condition  of  the  meteorites  and  to  prevent  assemblage;  on  the  other 
hand,  if  a  tendency  to  assemblage  be  established,  the  growing  swarm 
seems  sure  to  merge  either  into  the  gaseous  or  quasi-gaseous  condition, 
as  above  outlined,  or  else  into  the  planetesimal  system  presently  to  be 
considered.  The  true  meteoritic  condition  appears  to  be  an  expression 
of  a  dispersive  function  which  tends  to  produce  and  to  perpetuate 
a  scattered  state.  An  adequate  discussion  of  the  possibilities  and 
limitations  of  meteoritic  assemblage  is  beyond  our  limits,  but  there 
are  involved  certain  fimdamental  facts  and  principles  of  no  little  impor- 
tance to  the  philosophic  student  of  geology  who  wishes  to  probe,  as 
well  as  he  may,  the  basal  postulates  of  the  earth's  genesis,  and  these 
merit  attention.  The  subject,  to  be  sure,  is  essentially  astronomical, 
but  as  geology  is  the  domestic  chapter  of  astronomy,  the  geological 
student  is  entitled  to  go  as  far  afield  as  his  problem  requires. 

The  two  general  conceptions  of  the  origin  of  the  meteoritic  state. — 
Conceptions  of  the  ulterior  origin  of  the  dispersed  condition  from 
which  evolution  may  be  supposed  to  start,  fall  into  two  general  classes: 
(1)  a  primitive  diffuse  condition,  without  previous  assemblage,  a  kind 
of  original  chaos;  or  (2)  a  derived  condition  of  dispersion  arising  from 
the  scattering  of  previous  assemblages  or  the  disruption  of  previous 
bodies.  If  in  the  second  case  the  dispersion  be  so  great  as  to  project 
the  disrupted  material  beyond  the  sphere  of  its  own  gravitative  control, 
its  condition  becomes  dynamically  the  same  as  if  it  originated  in  such 
a  dispersed  condition.  It  is  therefore  only  necessary  to  consider  those 
cases  of  this  class  in  which  the  scattered  matter  remains  under  its  own 
gravitative  control  and  constitutes  a  diffuse  flock  or  swarm  of  small 
bodies. 
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1.  Assemblage  from  a  Primitive  State  of  Dispersion. 

Conditions  affecting  tiie  initiation  of  a  meteoritic  swarm. — ^The  start- 
ing of  a  meteoritic  swarm,  theoretically,  from  dispersed  meteorites 
moving  in  diverse  directions,  as  typical  meteorites  do,  encounters  a 
grave  obstacle  in  the  high  ratio  of  the  kinetic  energy  of  the  meteorites  to 
their  muttml  gravitation.  Since  gravitation  is  the  agency  of  assemblage, 
and  the  kinetic  energy  of  their  motion  is  the  dispersing  agency,  it  is 
obvious  that  if  the  potency  of  the  latter  is  superior  to  that  of  the  former, 
the  conditions  for  gathering  meteorites  into  a  swarm  are  adverse,  at 
least  in  general.  The  relations  between  the  kinetic  energy  of  meteorites 
and  their  mutual  gravitation  therefore  require  consideration  as  a  basal 
feature. 

The  velocities  of  meteorites. — ^While  the  velocities  of  meteorites 
have  been  only  approximately  ascertained,  between  those  that  have 
been  directly  measured  and  those  that  have  been  estimated  from  inci- 
dental facts,  they  are  sufficiently  well  known  for  the  purposes  of  general 
discussion.  The  meteorites  which  are  seen  in  the  evening  strike  the 
earth  from  behind,  and  since  the  earth  is  moving  in  its  orbit  at  an 
average  rate  of  18.5  miles  per  second,  these  meteorites  must  overtake 
it  with  a  velocity  sufficiently  in  excess  of  this  to  become  incandescent 
in  passing  into  the  atmosphere.  From  present  data,  the  average 
velocity  of  meteorites,  when  they  encounter  the  earth's  atmosphere,  is 
estimated  to  be  between  20  and  30  miles  per  second.  Occasionally 
the  velocity  appears  to  reach  40  or  50  miles  per  second,  and  even  more. 
The  velocities  of  meteorites  seem  to  be  of  the  same  order  as  the  veloci- 
ties of  the  stars,  whose  average  has  recently  been  placed  by  Newcomb 
at  23  miles  per  second.  This  of  course  is  merely  the  average  of  those 
that  have  been  thus  far  measured,  and  will  doubtless  be  changed  by 
additional  measurements;  but  this  velocity  may  be  taken  as  roughly 
representative  of  the  velocities  of  stars  and  of  meteorites  in  this  part 
of  the  sidereal  system. 

Now  to  give  to  the  meteoritic  hypothesis  the  best  possible  condi- 
tions, let  all  the  matter  of  the  sidereal  system  be  supposed  to  be  con- 
verted into  meteorites,  and  let  these  meteorites  have  directions  of  motion 
and  velocities  identical  with  the  parent  bodies.  It  seems  necessarj^ 
to  assign  them  these  motions  to  preserv^e  the  moment  of  momentum 
of  the  system  as  the  laws  of  mechanics  require.    We  have  thus  a  kind 
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of  primitive  chaos  in  which  movements  in  all  directions,  with  veloci- 
ties varying  greatly,  but  averaging  twenty  odd  miles  per  second,  pre- 
vail. The  critical  feature  is  the  prodigious  kinetic  energy  which  so 
high  an  average  velocity  involves. 

Now  the  only  effective  known  force  which  might  draw  these  flying 
meteorites  together  into  swarms  and  keep  them  together  is  their  mutual 
graA-itation.  Electric  and  magnetic  attractions  might  do  a  certain 
auxiliary  work  under  special  conditions;  but  as  these  attractions  are 
accompanied  by  neutralizing  electric  and  magnetic  repulsions,  the 
differences  between  them  may  probably  be  neglected.^  We  must, 
therefore,  inquire  how  the  controlling  power  of  gravity  compares  with 
the  amoimt  of  kinetic  energy  that  must  be  overcome. 

The  mutual  gravitation  of  small  bodies  is  extremely  feeble.  For 
example,  Moulton  has  computed  that  if  two  spheres  having  specific 
gravities  of  10  and  diameters  of  10  feet,  and  hence  each  weighing  164 
tons,  be  placed  100  feet  apart  and  be  wholly  unaffected  by  any  other 
force  than  their  mutual  attractions,  practically  half  a  day  (11.66  hours) 
will  be  required  for  them  to  draw  themselves  together,  when  each 
has  to  go  only  45  feet.  Their  mean  velocity  is  therefore  less  than 
four  feet  per  hour,  a  scarcely  perceptible  motion.  If  they  were  separated 
to  an  infinite  distance  and  allowed  to  fall  together,  and  thus  to  develop 
the  highest  possible  velocity  which  their  mutual  attraction  could  pro- 
duce, it  would  not  exceed  .012  feet  per  second  (Moulton).  It  is  obvi- 
ous, therefore,  that  if  the  supposed  primitive  meteorites  moved  at  the 
assigned  velocities,  or  at  velocities  even  remotely  approaching  them, 
they  would  be  quite  beyond  the  gravitative  control  of  one  another 
individually.  Such  meteorites,  moving  in  opposite  or  transverse 
directions,  would  pass  by  one  another  without  appreciably  deviating 
from  their  courses,  unless  they  chanced  to  collide.  In  that  case  they 
would  probably  be  shattered  and  dispersed,  because  on  the  average 
they  would  strike  at  velocities  many  times  as  great  as  the  projectiles 
from  the  best  modern  guns.  If  they  remained  imbroken,  they  would, 
if  perfectly  elastic  bodies,  exchange  velocities  and  directions,  or,  if 
perfectly  inelastic  bodies,  would  combine  their  momenta,  unless  they 

*  We  are  here  speaking  of  the  ordinary  phenomena  of  electrical  and  magnetic 
attraction  and  repulsion,  as  conmionly  understood;  not  of  those  newer  and  pro- 
founder  interpretations  which  assign  inertia  and  other  phenomena,  including  even 
gravitation  itself,  to  electromagnetic  agency;  much  less  the  radical  views  involved 
in  the  electromagnetic  theory  of  matter. 


18  GEOLOGY. 

were  driven  apart  by  the  explosive  force  of  vapors  formed  at  their 
points  of  impact,  as  suggested  by  Darwin.  As  most  bodies  are  neither 
perfectly  elastic  nor  perfectly  inelastic,  an  intermediate  result  would 
usually  follow.  In  exceptional  cases,  the  velocities  might  be  low 
enough  to  permit  inelastic  bodies  to  weld  together,  but  apparently  the 
chances  of  disruption,  or  of  elastic  rebound,  would  be  many  times 
greater  than  those  of  welding.  Even  in  the  case  of  welding,  the  result 
is  merely  a  larger  meteorite  in  lieu  of  two  smaller  ones,  and  no  progress 
is  made  in  the  starting  of  a  meteoritic  swarm.  Besides,  the  enlarged 
meteorite  is  subject  to  disruption  by  succeeding  violent  collisions. 

The  possibilities  of  parallel  movement.  —  Apparently  the  only 
working  chance  of  starting  a  swarm  of  meteorites  by  attraction,  under 
these  adverse  conditions,  lies  in  the  exceptional  case  of  meteorites 
moving  in  nearly  parallel  directions,  at  nearly  the  same  speed,  and 
in  courses  near  one  another.  In  this  case  the  motions  of  the  meteorites 
only  antagonize  their  mutual  attractions  to  the  extent  of  such  small 
differences  of  kinetic  energy  as  may  arise  from  their  slight  differences 
of  velocity  and  directions  of  motion.  Under  extremely  favorable  con- 
ditions of  this  kind,  two  meteorites  might  come  into  mutual  gravita- 
tive  control  and  revolve  about  their  common  center  of  gravity.  Then 
a  third  one  might  join  them  under  like  conditions,  and  so  on.  But  the 
plane  of  revolution  of  the  third  meteorite  might  chance  to  correspond 
with  that  established  by  the  pair  it  joined,  or  it  might  not.  So  also 
its  direction  of  revolution  might  or  might  not  be  the  same.  It  is  there- 
fore extremely  imlikely  that  the  planes  of  revolution  of  any  considerable 
nimiber  of  meteorites,  coming  thus  together,  would  be  even  approxi- 
mately identical,  or  that  the  directions  of  their  revolutions  would  be 
coincident,  and  hence  opposite  and  cross  revolutions  would  result, 
with  obvious  Uability  to  collisions,  so  that,  in  the  end,  the  swarm  would 
perhaps  develop  into  a  quasi-gaseous  condition. 

A  possible  alternative,  if  the  material  were  sufficiently  inelastic, 
might  be  the  mastering  and  killing  out  of  the  movements  of  the  minority 
of  the  group  by  the  majority  through  a  long  series  of  collisions,  and 
the  development  thereby  of  a  common  direction  of  revolution,  in  which 
case  the  system  would  take  on  the  orbital,  rather  than  the  gaseous  type, 
and  fall  imder  the  planetesimal  class. 

The  danger  of  dispersion. — It  must  be  noted,  however,  that  the 
conditions  for  starting  the  growth  of  such  a  swarm — nearly  parallel 
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adjacent  movements  at  nearly  equal  speeds — are  very  exceptional, 
and  hence  the  accessions  in  any  given  period  must  be  presumed  to  be 
few  compared  to  the  whole  number  of  meteorites  that  pass  the  place 
of  the  initiating  swarm;  for  all  those  that  have  opposite  and  transverse 
courses  of  any  appreciable  angle,  and  all  those  that,  though  moving 
in  parallel  directions,  have  appreciably  different  velocities,  will  pass 
through  the  point  of  assemblage  with  dangerous  differential  velocities. 
They  are  therefore  liable  to  break  up  the  initiating  swarm  by  colliding 
with  its  members  and  driving  them  beyond  its  gravitative  control. 
This  contingency  is  especially  great  while  the  swarm  is  small,  and  its 
gravitative  command  of  its  members  feeble.  Hence  arises  the  question 
whether  the  swarm's  peril  of  destruction  is  not  greater  than  its  chance 
of  growing  to  a  self-protecting  size,  so  incomparably  greater,  indeed, 
as  to  render  the  method  an  extremely  improbable  one. 

If  such  a  swarm  succeeds  in  reaching  a  large  mass,  the  proba- 
bilities of  its  holding  its  own  members  and  of  capturing  the  collid- 
ing meteorites,  become  very  favorable.  The  growth  of  a  meteoritic 
swarm  or  of  a  nebula,  after  it  has  once  gained  a  sufficient  massiveness, 
is  therefore  simple  enough  and  probable  enough;  but  the  starting  of  a 
swarm,  and  the  early  stages  of  its  growth,  are  attended  by  extremely 
unfavorable  contingencies. 

The  sparseness  of  distribution  and  its  bearing. — ^The  extreme  tenuity 
of  the  celestial  matter  hypothetically  thus  dispersed  is  another  vital 
consideration.  The  light  of  a  star  in  a  flight  of  50  years,  at  the  speed 
of  186,000  miles  per  second,  does  not  seem,  on  the  average,  to  encounter 
enough  dark  matter  to  seriously  dim  its  brightness.  All  the  matter 
that  lies  between  us  and  the  outermost  visible  stars  does  not  cut  off 
as  much  light  as  the  thinnest  cloud.  On  a  most  Uberal  estimate  of  the 
amount  of  meteoritic  matter  encountered  by  the  earth  at  present,  it  is 
computed  that  it  would  take  a  billion  years  to  add  an  inch  to  its  sur- 
face.* 

If  all  the  matter  now  aggregated  in  the  stellar  system,  on  any 
reasonable  estimate  of  its  mass  (and  the  known  distribution  and  move- 
ments of  the  celestial  bodies  limit  such  an  estimate),  were  distributed 
through  the  space  now  occupied  by  the  stars,  it  would  not  help  the 
case  much,  so  far  as  meteoritic  assemblage  is  concerned.  To  illustrate, 
if  the  matter  of  the  solar  system  were  scattered  through  the  space  about 

«  Young's  Astronomy,  p.  475;  Woodward,  Astr.  Jour.  1902. 
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it,  stretching  out  half-way  to  the  nearest  stars,  its  tenuity  would  be 
such  that,  if  the  orbit  of  Neptune  were  the  hoop  of  a  drag-net,  5,600,- 
000,000  miles  in  diameter,  and  were  sweeping  through  this  space  at 
the  rate  of  12  miles  per  second — the  approximate  velocity  of  the  sun 
with  respect  to  the  stars — it  would  take  some  900,000,000,000  years 
for  it  to  sweep  up  the  scattered  matter.  This  is  probably  not  an  unfair 
illustration  of  the  average  tenuity  of  the  supposed  dispersion,  since  the 
star-grouping  about  the  sun  is  probably  as  dense  as  the  average  of  the 
whole.  This  tenuity  immeasurably  transcends  the  best  vacuimi  of 
the  most  effective  air-pump.  It  would  be  an  extravagant  license  in  the 
use  of  terms  to  call  this  a  "meteoritic  plenum."  Misconception  here 
is  fundamentally  dangerous.  The  matter  in  the  heavens  is  extremely 
small  in  proportion  to  the  space — ^almost  inconceivably  small.  This 
extreme  sparseness  of  distribution  means  that  the  potential  energy  in 
the  stellar  system  is  enormously  great  in  proportion  to  the  amount  of 
matter.  The  factors  then  that  weigh  in  the  study  of  meteoritic  assem- 
blage are  not  simply,  or  even  predominantly,  matter  and  gravitation, 
but  also,  and  particularly,  space  and  motion. 

The  time  factor. — With  such  excessive  tenuity  of  dispersion,  even 
when  all  known  matter  is  converted  into  meteorites,  and  with  such 
potent  obstacles  to  assemblage  as  are  imposed  by  the  high  kinetic 
energy  of  the  meteorites,  it  seems  an  imperative  conclusion  that  the 
growth  of  a  meteoritic  assemblage  having  the  mass  of  the  solar  system 
must  require  a  period  quite  beyond  comprehension.  This  leads  on 
to  the  question  whether  a  swarm  of  meteorites  could  perpetuate  itself, 
as  a  swarm,  through  such  a  prodigious  period.  Must  not  the  part 
first  assembled  pass  on  through  its  own  evolution,  whatever  that  may 
be,  without  awaiting  the  excessively  delayed  assemblage  of  the  later 
portions?  If  the  members  of  the  swarm  were  in  coUisional  relations,  as 
postulated  by  Lockyer  and  Darwin,  must  not  the  kinetic  energy  of  the 
earlier  assemblage  have  been  exhausted  long  before  the  accession  of  the 
later  part?  In  other  words,  must  not  the  first  assemblage  become 
solid  at  a  relatively  early  stage  in  the  process,  and  the  remainder  of  the 
accessions  be  added  individually,  as  meteorites  are  now  added  to  the 
Sim  and  planets?  Is  it  a  tenable  view  that  the  mere  assemblage  of  a 
swarm  should  go  on,  without  attendant  evolution,  until  the  mass 
necessary  for  a  solar  system  is  attained,  and  then,  hut  not  until  then, 
enter  upon  an  evolution  into  a  sun-and-planet  system?    If  the  swarm 
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was  organized  on  the  coUisional  basis,  nothing  but  a  negative  answer 
seems  possible.  If  the  meteorites  could  be  supposed  to  come  together 
so  as  to  revolve  in  harmonious  orbits  about  a  common  center,  on  the 
planetary  basis,  the  assemblage  might  be  perpetuated,  but  this  takes 
the  case  out  of  the  typical  meteoritic  class,  and  carries  it  over  to  the 
planetesimal. 

Under  the  conditions  of  the  case,  it  is  not  apparent  how  a  meteoritic 
nebula  of  the  quasi-gaseous  or  coUisional  type  can  grow  up  de  novo  by 
the  assemblage  of  dispersed  meteorites,  or  by  the  aggregation  of  chaotic 
matter,  if  the  material  w^ere  endowed  with  the  present  momentum 
of  the  system. 

2.  Derivation  from  Previous  Aggregates. 

If  the  origin  of  the  nebula  be  assigned  to  the  dispersion  of  some 
previous  large  body,  three  phases  are  conceivable:  (a)  dispersion  by 
explosion,  (6)  dispersion  by  collision,  and  (c)  dispersion  by  tidal  dis- 
ruption. 

(a)  Dispersion  by  explosion. — The  diffuse  state  of  the  parent  nebula 
may  perhaps  be  assigned  to  explosion,  following  the  analogy  of  one 
of  the  hypotheses  of  the  origin  of  new  stars,  though  it  is  difficult  to 
assign  any  probable  and  adequate  cause  for  such  explosion.  But  if 
it  takes  place,  the  dispersing  force  must  obviously  be  radial,  in  the 
main,  and  after  the  matter  has  made  its  outward  excursion  and  is 
arrested  by  gravitation,  it  must  return  on  nearly  direct  lines  and  col- 
lide at  the  virtual  point  of  departure.  The  result  of  this  collision, 
if  the  dispersion  have  nebular  dimensions,  must  be  the  development 
of  enormous  heat  and  the  probable  conversion  of  the  whole  into  a 
gaseous  body.  If  so,  the  evolution  must  thence  proceed  along  gaseous 
lines.  In  this  case,  nothing  properly  analogous  to  a  meteoritic  con- 
dition is  likely  to  be  developed  in  the  system,  except  as  a  mere  incident, 
and  the  case  does  not  really  belong  under  the  meteoritic  hypothesis. 
Such  an  explosion  may  indeed  give  rise  to  material  shot  away  beyond 
the  control  of  the  system,  and  this  part  might  be  truly  meteoritic,  but 
it  would  be  lost  to  the  system,  and  fall  under  the  case  already  discussed. 

(b)  Dispersion  by  collision. — If  the  dispersion  be  assigned  to  the 
collision  of  two  large  bodies,  as  postulated  by  Croll  ^  and  others,  the 
heat  developed  must  be  presimied  to  be  great  enough  to  convert  the 

•Croll,  Climate  and  Cosmology,  1889,  pp.  297-315. 
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main  mass  into  a  gaseous  state.  If  the  collision  were  a  center-to- 
center  encounter,  a  radial  dispersal  of  matter  transverse  to  the  line 
of  collision  would  follow;  returning  from  which,  the  material  would 
again  collide,  and  after  a  series  of  oscillations  would  gradually  settle 
down  into  a  pulsating  gaseous  mass.^  Here  again  the  system  would 
become  gaseous  at  the  outset,  and  probably  develop  nothing  of  the 
typical  meteoritic  kind  except  possibly  such  sporadic  elements  as 
might  be  projected  beyond  the  control  of  the  system.  If  the  collision 
were  excentric,  a  rotatory  motion  would  doubtless  be  superposed 
upon  the  radial  motion,  and  the  case  would  either  fall  under  the  gase- 
ous or  the  orbital  system,  or  under  a  combination  of  the  two. 

(c)  Dispersion  by  tidal  disruption.  —  It  has  recently  been  sug- 
gested that  bodies  passing  close  by  one  another,  but  not  colliding, 
may  suffer  disruption  through  their  differential  attractions  aided  by 
internal  elasticity ,2  on  the  principles  developed  by  Roche,  Maxi^^ell, 
and  others.  In  this  case  the  disrupted  elements  are  given  a  rotatory 
movement  in  a  common  direction  and  in  the  plane  of  the  two  bodies 
initiating  it.  The  dynamics  of  the  system  are  therefore  from  the  out- 
set definitely  of  a  rotatory  or  revolutionary  kind,  and  the  case  falls 
under  the  orbital  or  planetesimal  system  rather  than  the  meteoritic 
system. 

It  appears,  therefore,  that  neither  explosion  nor  collision  nor  tidal 
disruption  is  likely  to  give  rise  to  a  distinctively  meteoritic  swarm, 
and  no  other  definite  source  is  known  to  us.  Individual  meteorites 
and  rotatory  or  revolutionary  assemblages  of  dispersed  elements, 
as  well  as  true  gaseous  nebulae,  may  be  supposed  to  arise  from  the 
catastrophes  named,  but  apparently  these  catastrophes  are  not  appro- 
priate agencies  for  producing  fragmental  swarms  of  the  distinctively 
meteoritic  type. 

The  Evidence  of  the  Meteorites  Themselves. 

The  origin  of  meteorites  bears  on  the  question  whether  they  are 
the  essential  material  from  which  stellar  systems  are  derived,  or  are 

*  A  case  of  this  kind  is  described  by  Kelvin,  Popular  Lectures  and  Addresses,  I, 
1891,  p.  413. 

'  On  the  Possible  Function  of  Disruptive  Approach  in  the  Formation  of  Meteor- 
ites, Comets,  and  Nebulae,  T.  C.  Chamberlin,  Astrophys.  Jour.,  Vol.  XIV,  1900,  pp. 
17-40,  and  Jour.  Geol.,  Vol.  IX,  1901,  p.  369. 
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merely  the  incidental  products  of  such  systems ,  and  dependent  on  the  pre- 
existence  of  the  systems. 

Theories  of  the  origin  of  meteorites. — ^Meteorites  have  been  regarded 
(1)  as  matter  projected  from  the  earth  by  volcanoes  and  brought 
back  to  it,  (2)  as  matter  discharged  from  the  moon,  (3)  as  matter 
ejected  from  the  sim  or  from  stars,  (4)  as  dispersed  matter  from  exploded 
stars,  (5)  or  from  exploded  planets  or  satellites,  (6)  as  the  residue 
of  scattered  comets,  (7)  as  fragments  of  tidally  disrupted  atmosphere- 
less  bodies,  such  as  asteroids  and  satellites,  and  (8)  as  accretions  of 
gas  or  fine  particles  of  matter  in  open  space.^  All  but  the  last  pre- 
suppose the  existence  of  the  present  solar  system.  Some  of  them 
further  assume,  by  implication,  that  the  meteorites  constitute  merely 
minute  detachments  from  the  present  system.  A  volcano  cannot 
shoot  away  any  great  part  of  the  body  of  which  it  is  itself,  at  best,  but 
a  small  dependency.  Only  those  dispersive  hypotheses  of  this  group 
that  postulate  the  disruption  of  suns  or  stars  carry  any  presumption 
that  suns  or  stars  would  again  be  formed  from  them,  for  lack  of  mass. 
The  last  hjrpothesis  alone  assumes  a  primary  organization.  If  meteor- 
ites are  collected  in  space,  as  rain-drops  are  gathered  in  the  atmos- 
phere, and  if  they  then  unite  to  form  solar  systems,  either  through 
nebulae  or  more  directly,  they  are  the  source  of  such  systems  in  as  true 
and  radical  a  sense  as  rains  are  the  sources  of  lakes.  The  characters 
of  meteorites  should  decide  between  these  alternative  views. 

The  characters  of  meteorites. — ^Among  the  distinctive  and  sig- 
nificant characters  of  meteorites  are:  their  fragmentary  forms,  their 
brecciated  structures  in  part,  their  occasional  slickensided  surfaces, 
their  veins,  the  glassy  nature  of  a  part  of  their  material,  the  amor- 
phous nature  of  another  part,  and  the  crystalline  nature  of  still  a  third 
and  larger  part,  the  variations  in  the  coarseness  of  the  crystallization, 
the  extraordinarily  large  crystals  of  the  nickel-iron,  the  inclusion  of 
non-metallic  crystals  and  nodules  in  the  nickel-iron  crystals,  the  scattered 
condition  of  iron  crystals  or  lumps  among  silicate  crystals  in  many  cases 
(sporadosiderites),  the  large  proportions  of  the  nickel-iron  and  the 
magnesia,  the  presence  of  peculiar  spheroidal  aggregations  (chondri), 
the  fragmental  nature  of  the  chondri  in  many  instances,  the  absence 
of  water  and  hydrates,  the  absence  of  free  oxygen,  the  absence  of  a 

*  For  an  excellent  summary  of  the  structure,  constituents,  and  theories  of  meteor- 
ites see  Farrington,  Jour.  Geol.,  Vol.  IX,  1901,  pp.  51,  174,  393,  522,  and  623. 
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P'oup  of  minerals  common  in  terrestrial  igneous  rocks,  viz.,  quartz, 
orthoclase,  the  acid  plagioclases,  the  micas,  the  amphiboles,  leucite  and 
nephelite,  the  presence  of  certain  unstable  chlorides,  sulphides,  and 
phosphides  unknown  in  the  earth,  and  the  presence  of  volatile  and 
combustible  hydrocarbons. 

The  bearing  of  these  characters. — ^These  make  up  a  remarkable 
group  of  characters,  whose  origin  can  only  spring  from  an  equally 
peculiar  combination  of  conditions. 

While  the  fragmental  condition  of  many  meteorites,  on  reaching 


FiQ.  1.  Fig.  2. 

Figs.  1  and  2. — ^A  meteorite  of  exceptionally  8>Tiimetrical  form  and  smooth  surface; 
one  of  the  very  few  whose  external  form  suggests  a  possible  accretion  in  free  space, 
and  here  introiduced  on  that  account.  The  truncated  crystals  of  the  cross-section , 
Fig.  2,  however,  show  that  it  is  reduced  from  a  larger  mass  of  unknown  form.  The 
coarseness  of  the  nickel-iron  crystals  and  their  arrangement  give  no  suggestion 
that  the  mass  grew  b^  accretion  from  a  central  nucleus.  The  Boogaldi  (nickel- 
iron)  meteorite,  3X5  mches.     New  South  Wales.     (After  A.  Liversic^.) 

the  earth,  is  due  to  fracturing  in  their  passage  through  the  air,  there 
are  indications  that  they  already  had  a  fragmental  form  when  they 
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entered  the  atmosphere  m  many,  if  not  most,  cases.  This  implies 
that  they  are  portions  of  larger  bodies,  and  that  they  were  not  aggre- 
gated, as  such,  in  free  space  (Figs.  1,  2, 3,  and  4).  At  least  this  appears 
true  in  the  case  of  most  of  the  more  massive  meteorites  that  reach  the 


Fio.  3.— A  nickd-iron  meteorite  of  irregular  form,  showing  obviously  that  it  is  but 
a  fragment  or  remnant.  The  pits  of  the  surface  are  due  to  the  removal  of  the 
less  stable  material,  probably  silicates  or  metallic  compounds,  by  which  the  nickel- 
iron  was  surrounded.  Canyon  Diablo  meteorite,  265  lbs.  Field  Columbian 
Museum.     (Photo,  by  O.  C.  Farrington.) 


surface  of  the  earth.  This  of  itself  does  not  exclude  the  view  that 
meteoroidal  aggregation  may  take  place  in  free  space,  and  that  the 
aggregates  may  have  entered  into  the  make-up  of  the  larger  body  from 
which  the  meteorites  were  derived.  It,  however,  bears  on  the  ques- 
tion whether  meteorites,  as  a  rule,  were  organized,  as  such,  by  the 
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gathering  together  of  gaseous  matter  or  scattered  particles  in  open 
space. 

More  direct  evidence  is  found  in  the  fragmental  structure  of  many 
of  the  stony  meteorites.    Among  the  broken  elements  are  fragments 


Fig.  4. — ^A  stony  meteorite  showing  fragmental  outline  smoothed  by  fusion  in  passing 
through  the  air,  with  smaller  fracture  surfaces  due  to  exfoliation  later  in  its 
course.  The  Saline,  Kans.,  meteorite.  Field  Columbian  Museum.  (Photo,  by 
Farrington.) 

of  chondri  (Fig.  5).  As  the  chondri  are  aggregations  peculiar  to  meteor- 
ites, their  fragmentation  implies  disruption  and  re-assemblage  in  the 
parent  body,  or  at  least  disruption  in  an  earlier  stage  of  their  history. 
Point  is  added  to  this  by  the  occurrence  of  larger  chondri  enclosing 
fragments  of  smaller  ones  (Fig.  6).  A  very  singular  case  of  breccia 
is  presented  by  the  Mount  Joy  meteorite,  which  is  an  aggregate  of 
iron  fragments  (Fig.  7).  These  various  evidences  of  fragmentation 
imply  a  previous  history  affected  by  successive  conditions  of  accre- 
tion and  fracturing. 

The  presence  of  slickensided  surfaces  (Fig.  8)  implies  a  parent 
body  subjected  to  varying  stresses,  resulting  first  in  fracture,  and 
afterwards  in  the  rubbing  of  the  fissure  walls  upon  one  another.  The 
existence  of  veins  also  implies  fracture  attended  by  subsequent  filling. 
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The  general  prevalence,  but  partial  absence,  of  crystallization,  and 
the  kinds  of  crystallization  imply  varied  thermal  conditions  in  the 
parent  body.  The  amorphous  condition  implies  the  absence  of  fusion 
and  of  the  conditions  of  crystallization.  The  glassy  structure  equally 
implies  a  molten  state  followed  by  quick  cooling,  while  the  various 
grades  of  crystallization  imply  high  temperatures  variously  sustained. 


Fia.  5. — Section  of  the  Mezo-Madaras  meteorite,  showing  a  meteoritic  tufif  made  up 
of  fragments  of  chondri.  Portions  of  bronzite,  chrysolite,  and  nickel-iron  chondri 
can  be  recognized.     (After  Tschermak.) 

The  extremely  large  crj^stals  (Figs.  9  and  11)  suggest  protracted  high 
temperature  with  conditions  favorable  for  a  systematic  rearrangement 
of  the  material.  At  the  same  time  the  cases  in  which  the  metallic 
iron  is  scattered  through  the  silicate  material  (Fig.  10)  seem,  at  first 
thought,  to  imply  the  absence  of  a  thoroughly  fluid  state  at  the  time 
the  segregation  of  the  iron  began,  since  a  massing  of  the  heavier  metal- 
lic material  toward  the  center  of  gravity  would  naturally  be  expected, 
just  as  in  a  blast-furnace  metallic  iron  promptly  separates  from  slag; 
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but  the  presence  of  such  scattered  lumps  of  iron  in  the  basalts  of  Green- 
land ^  at  least  limits  the  force  of  the  inference.  It  suggests  that  either 
the  mass  was  very  viscous,  or  that  the  metallic  material  was  very  inti- 
mately diffused  through  the  rock-substance  previous  to  the  beginning 


>  ^mh^ 


'•%ir: 
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Fig.  6. — Section  of  the  Dhurmsala  meteorite,  showing  a  large,  somewhat  porphyritic 
chondrus  inclosing  a  smaller  monosomatic  one.  Both  are  composed  of  chryso- 
lite.    X8.     (After  Tschermak.) 

of  crystallization,  or  that  the  motion  of  the  molten  mass  was  too  great 
to  permit  gravitative  segregation,  or  that  these  influences  combined 
their  effects.  In  addition,  it  is  to  be  noted  that  a  prolonged  high 
temperature,  acting  on  a  mixed  mass  of  material,  may  furnish  condi- 
tions suitable  for  slow  aggregation  and  crystalline  rearrangement 
without  the  melting-point  being  reached,  and  that  this  also  may  be 
one  of  the  agencies  by  which  these  singular  combinations  are  produced. 
It  is  hard  to  believe  that  these  coarse  crystallizations  could  have 

'  For  a  careful  description  and  figures,  see  The  Rocks  of  the  Nugsuaks  Peninsula,  by 
W.  C.  Phalen,  Smithsonian  Misc.  Coll.,  Vol.  I,  Pts.  1  and  2.  p.  198,  1904. 
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taken  place  in  small  masses  of  matter  projected  into  space  in  the 
molten  condition,  and  the  view  that  meteorites  are  formed  directly 
from  lavas  shot  into  space  by  volcanic  or  other  explosive  action,  as 
from  a  sun,  a  planet,  or  the  moon,  is,  therefore,  iinsatisfactor}\  Equally 
adverse  to  this  view  is  the  extraordinary  fact  that  certain  classes  of 
meteorites  are  formed  chiefly  of  hydrocarbons  which  are  volatile  at 


Fig.  7. — Section  of  the  Mount  Joy  meteorite,  nickel-iron,  showing  brecciated   struc- 
ture.    Field  Columbian  Museum.     (After  Farrington.) 

moderately  high  temperatures,  and  are  readily  combustible.  These 
hydrocarbons  seem  prohibitive  of  high  temperatures  at  all  stages  of 
their  history,  and  it  is  a  marvel  that  they  should  survive  the  transit 
through  the  atmosphere;  but  this  is  probably  due  to  the  fact  that  the 
meteorites  were  excessively  cold  when  they  entered  the  atmosphere 
and,  during  the  brief  time  of  transit,  were  only  superficially  consumed, 
while  their  interiors  remained  cold,  as  the  interiors  of  meteorites  are 
not  infrequently  found  to  be,  immediately  after  their  fall. 

Igneous  processes  on  the  earth  give  rise  to  magmatic  differentiation 
resulting  in  a  familiar  series  of  minerals  which  make  up  large  portions 
of  the  crystalline  rocks  of  the  earth's  surface.  So  also,  weathering 
and  solution  remove  more  of  the  basic  than  of  the  acidic  constituents 
of  crystalline  rock,  and  when  the  residue  is  metamorphosed,  a  similar 
series  of  minerals  arises.  Among  these  are  quartz,  orthoclase,  the 
acid  plagioclases,  the  micas  and  the  amphiboles,  a  group  absent  from 
the  meteorites.    Their  absence  suggests  that,  in  the  parent  body,  mag- 


30 


GEOLOGY. 


matic  differentiation  of  this  kind,  as  well  as  selective  weathering,  did 
not  take  place.  This,  however,  does  not  necessarily  exclude  volcanic 
action,  nor  nonhydrous  weathering,  but  merely  the  dominant  phases 
of  weathering  and  magmatic  differentiation  that  prevail  in  the  earth, 
and  probably  in  similar  bodies  having  atmospheres  and  hydrospheres. 


Fig.  8. — ^A  slickensided  surface  of  the  Long  Island  meteorite,  natural  size.     Field 
Columbian  Museum.     (After  Farrington.) 


The  absence  of  water,  of  hydrates,  and  of  free  oxygen  adds  its 
testimony  against  the  derivation  of  the  meteorites  from  the  crusts  of 
bodies  like  the  earth. 

The  high  velocities  and  the  diverse  directions  of  the  meteoritic 
flights  relative  to  the  earth  forbid  assigning  their  origin,  in  general, 
to  volcanic  action  in  the  moon  or  any  of  the  planets.  Sufficient  velocity 
might  be  given  by  a  solar  explosion,  but  the  directions  would  be  radial 
and  hot  promiscuous.    Explosive  action  within  the  solar  system  may 
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have  made  an  occasional  meteoroidal  contribution,  but  scarcely  more 
than  that. 

Taken  altogether,  the  combination  of  characteristics  presented 
by  meteorites  seems  to  fail  of  satisfactory  explanation  on  any  hypothe- 
sis of  their  direct  derivation  from  a  sun  or  star,  or  from  a  planet  sur- 
rounded by  a  hydrosphere  or  an  oxygen-bearing  atmosphere,  or  from 
any  planetary  body  affected  by  mineralogic  differentiations  of  the 


Fig.  9. — Section  of  the  Franceville  meteorite,  showing  the  coarse  crystallization  of 
the  nickel-iron  (Widmanstatten  figures).  Ward-Coonley  Collection.  (From  H.  A. 
Ward.) 

terrestrial  type.    No  more  do  they  seem  to  find  satisfactory  explana- 
tion in  simple  accretion  in  free  space. 

Possible  derivation  from  atmosphereless  bodies.  —  It  remains  to 
inquire  whether  small,  atmosphereless  bodies,  like  the  asteroids  and 
the  satellites,  afford  a  more  probable  source,  or  whether  new  hypotheses 
must  be  sought.  Small  celestial  bodies  are  believed  to  be  devoid  of 
atmospheres  and  hydrospheres  because  their  gravity  is  too  low  to 
overmatch  the  molecular  velocities  of  the  atmospheric  gases  and  the 
vapor  of  water.    This  interpretation  carries  the  corollary  that  they 


32 


GEOLOGY. 


never  have  had  permanent  atmospheres  and  hydrospheres.  They 
thus  meet  the  requisite  explanation  of  the  absence  of  oxygen  and  water. 
If  built  up  by  accretion,  they  should  contain  the  requisite  variety  of 
material,  and,  if  formed  in  some  other  way,  they  might  contain  such 
variety.  In  their  different  parts,  they  may  present  the  required  struc- 
tural characteristics.  The  asteroids  and  satellites  are  undoubtedly 
subject  to  deformations,  attended  by  fractures,  brecciation,  veins, 
slickensides  and  similar  dynamic  phenomena.     Eruptive  and  explosive 


Fig.  10. — Section  of  the  Brenham,  Kans.,  meteorite,  showing  an  intimate  intermix- 
ture of  nickel-iron,  the  light-colored  portion,  and  silicate  and  metallic  com- 
pounds, the  dark  portion.     Ward-Coonley  Collection.     (From  Ward.) 

action,  as  well  as  the  impact  of  bodies  falling  from  the  exterior,  may 
have  contributed  the  various  forms  of  fragmental,  amorphous,  and 
glassy  material.  The  absence  of  a  protecting  atmosphere  exposes 
their  surfaces  to  the  full  striking  force  of  falling  bodies,  and  also  the 
disrupting  effects  of  extreme  changes  of  temperature.  On  the  exterior, 
and  at  slight  depths,  amorphous  material,  as  well  as  glassy  and  crypto- 
crj'stalline  rock,  may  have  been  formed.  At  greater  depths,  the  varj'- 
ing  conditions  of  pressure  and  temperature  requisite  for  more  complete 
and  coarser  crystallization  may  have  been  possessed.    The   hydro- 
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carbons  may  be  assigned  to  inorganic  action  within  the  asteroidal 
body,  the  material  being  derived  from  the  hydrogen  and  carbon  gases 
so  abundantly  occluded  in  meteorites  and  crystalline  rocks,  the  requi- 
site temperatures  and  pressures  being  supplied  by  the  internal  compres- 
sion of  the  body. 

In  these  small  bodies,  then,  it  is  perhaps  possible  to  find  that 


Fig.  11. — ^A  partial  section  and  a  portion  of  the  exterior  of  the  Brenham  (Haviland), 
Kans.,  meteorite,  showing,  in  close  relations,  a  coarse  crystallization  of  nickel- 
iron  and  an  intersegregation  of  metallic  and  non-metallic  material,  implying 
that  the  same  general  conditions  affected  both  forms  of  aggregation,  nard- 
Coonley  Collection.     (From  Ward.) 

extraordinary  combination   of   conditions  which  the   nature   of   the 
meteorites  implies. 

It  remains  to  postulate  a  means  of  disruption  and  an  agency  of 
dispersion  competent  to  give  the  disrupted  fragments  the  erratic 
courses  and  the  high  velocities  which  meteorites  possess,  while  at  the 
same  time  the  structural  features,  sometimes  rather  perishable,  escape 
destruction  by  liquefaction  or  extreme  pulverization. 
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Hypotheses  of  disruption  and  dispersion. — ^Any  supposed  explosion 
from  an  internal  source  is  unsatisfactory  because  it  is  difficult  to  assign 
a  sufficient  and  probable  cause  for  an  explosion  capable  of  imparting 
a  velocity  of  several  miles  per  second,  which  would  probably  be 
required  to  disperse  the  fragments  beyond  the  control  of  the  system 
to  which  the  body  belonged,  and  because,  if  such  sufficient  explosion 
were  realized,  it  must  apparently  wreck  many  of  the  peculiar  meteoritic 
structures. 

Collision  with  some  other  mass  at  a  high  velocity  might  be  suffi- 
cient to  disrupt  the  body  and  to  drive  its  fragments  away  with  the 
requisite  velocity;  but  the  imminent  danger  of  liquefaction  by  the 
inevitable  heat  of  the  impact,  or  of  extreme  pulverization  of  the  fragile 
material,  raises  doubt  as  to  the  adaptability  of  collision  to  the  case  of 
some  of  the  stony  meteorites  of  large  size,  and  of  the  hydrocarbon 
meteorites,  while  it  might  answer  well  enough  for  minute  meteorites. 
The  relative  rarity  of  collision  also  suggests  a  secondary  place  for  it  as 
an  agency. 

It  has  recently  been  suggested  ^  that  disruption  by  differential  at- 
traction might  satisfy  the  requirements  of  the  case,  with  perhaps  some 
doubt  as  to  adequate  frequency.  According  to  principles  established 
by  Roche,  Maxwell  and  others,  a  small  body  passing  within  a  certain 
distance  (the  Roche  limit)  of  a  larger  dense  body  will  be  torn  into 
fragments  by  differential  attraction.  The  size  of  this  sphere  of  dis- 
ruption depends  on  the  densities,  cohesion,  internal  elasticities,  and 
other  factors  of  the  two  bodies.  For  incompressible  fluids  of  the  same 
density,  Roche  gives  the  limit  of  disruption  as  2.44  times  the  radius 
of  the  large  body.  In  most  such  bodies,  internal  elasticity  probably 
exceeds  cohesion  and  the  sphere  of  disruption  would  be  larger  than  this. 
The  moon  would  probably  expand  with  some  violence  if  its  gravity- 
were  suddenly  removed  by  differential  attraction.  Fragmentation  in 
this  way  would  therefore  be  several  times  more  probable  than  an 
actual  collision.  The  fragmentation  in  this  case  is  not  minute  nor 
violent. 

A  small  body  passing  near  a  much  larger  body  is  liable  to  be  thrown 
from  its  previous  orbit  into  quite  a  new  one.  This  has  apparently 
happened  to  several  comets  through  the  influence  of  the  planet  Jupiter. 

*  Chamberlin,  On  the  Possible  Function  of  Disruptive  Approach  in  the  Foima- 
tion  of  Meteorites,  Comets,  and  Nebulae.    Loc.  cit. 
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If  the  orbit  of  the  small  body  is  such  that  it  is  caused  to  pass  in  front 
of  the  large  body,  say  the  planet  Jupiter,  its  course  will  be  diverted 
toward  the  sun,  and  its  orbit  shortened.  If  its  course  causes  it  to  pass 
close  behind  the  large  body,  its  path  will  be  diverted  into  a  larger  orbit. 
If  a  small  body  were  to  pass  in  this  way  sufficiently  near  to  Jupiter,  it 
might  be  thrown  entirely  out  of  the  solar  system.^ 

In  these  two  sets  of  principles,  there  is  a  combination  peculiarly 
fitted  for  the  results  required,  for,  by  their  joint  action,  a  small  body 
passing  near  a  large  body  is  liable  to  be  disrupted  into  fragments, 
and,  at  the  same  time,  to  be  thrown  into  an  erratic  course  which  may 
carry  it  entirely  outside  the  system  to  which  it  belonged,  and  may  give 
it  a  parabolic  or  hyperbolic  course  in  stellar  space.  Fragmentation 
and  dispersal  by  the  differential  attraction  of  very  close  approach 
escapes  all  of  the  adverse  contingencies  of  liquefaction  and  pulveriza- 
tion incident  to  explosion  or  collision. 

If  the  question  be  pushed  a  step  farther  to  inquire  how  small  bodies 
like  the  asteroids  may  be  rendered  specially  subject  to  the  requisite 
close  approach,  the  answer  may  be  found  in  the  approach  of  sims, 
attended  by  such  secondaries,  to  one  another.  For  example,  if  the 
solar^stem  were  to  pass  even  within  five  or  six  billion  miles  of  a  simi- 
lar system,  the  orbits  of  the  secondaries  would  be  very  greatly  per- 
turbed, and  the  balance  between  the  centripetal  and  centrifugal  ac- 
celerations, which  now  preserves  the  harmony  of  the  system,  would 
be  so  seriously  disturbed  that  an  intricate  and  prolonged  series  of 
changes  would  ensue.  These  are  too  complicated  to  be  followed  com- 
pletely, but  it  is  reasonable  to  believe  that  they  might  involve,  sooner 
or  later,  the  close  approach  of  some  of  the  smaller  bodies  to  some  of 
the  larger.  These  smaller  bodies  in  the  solar  system  are  numbered 
by  hundreds,  and  the  same  may  be  suspected  of  other  systems,  and 
this  largeness  of  number  adds  to  the  probabilities  of  some  close  ap- 
proaches during  a  condition  of  general  disturbance. 

The  solar  system  is  probably  not  the  most  favorable  selection  for 
illustrating  the  contingencies  of  such  disturbance,  for  it  is  a  simple 
isolated  system,  with  a  single  overpowering  center  that  sways  its 
attendants  by  a  scarcely  disputed  control.  It  has  swept  through 
space  undisturbed  throughout  the  period  of  its  present  organization. 

*  These  principles  have  been  worked  out  elaborately  by  H.  A.  Newton,  Am.  Jour. 
ScL  16,  1878,  pp.  165-179. 
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But  there  are  many  binary,  triple,  multiple,  and  clustered  systems  of 
suns  which  apparently  divide  the  control  of  a  common  field,  and  this 
control  may  reasonably  be  supposed  to  involve  approaches  of  sufficient 
nearness  to  one  another  to  seriously  perturb  their  outlying  secondaries, 
and  introduce  disturbances  ultimately  involving  disruptive  approaches. 
The  nebulous  matter  associated  with  some  of  these  complex  systems 
perhaps  implies  something  of  this  kind. 

Relations  of  meteorites  to  comets. — ^The  hypothesis  of  disruption 
by  differential  attraction  goes  one  step  farther  in  postulating  that  the 
disrupted  group  of  fragments  may,  in  its  earlier  history,  constitute  a 
comet,  since  it  is  the  general  belief  of  astronomers  that  the  comet's 
head  is  composed  of  a  cluster  of  small  bodies.  The  peculiar  emanations 
which  arise  from  a  comet  may  perhaps  be  referred  as  plausibly  to 
the  occluded  vapors  and  the  radio-active  substances  of  a  shattered 
asteroid,  as  to  any  other  recognizable  source.  The  recent  discoveries 
of  the  prevalence  of  radio-activity  and  allied  phenomena  render  the 
cometic  emanations  less  strange  and  exceptional  than  they  once  seemed. 

The  fragments  of  an  asteroid,  or  other  small  body,  disrupted  in  this 
manner  would  be  given  a  rotatory  movement  by  the  differential  attrac- 
tion that  produced  them,  and  hence  the  resulting  cluster  of  fragments 
should  revolve  about  its  center  of  gravity  in  a  somewhat  definite  plane, 
but  at  the  same  time  in  more  or  less  irregular  and  inharmonious  paths 
as  the  result  of  the  incidents  of  disruption,  and  this  must  render  them 
subject  to  mutual  disturbance,  and  to  frictional  and  glancing  collisions. 
If  later  conditions  permitted  a  re-aggregation,  a  highly  brecciated  mass 
would  result. 

It  is  now  accepted  as  highly  probable  that  comets,  particularly  those 
that  have  short  orbits  and  frequently  return  to  the  vicinity  of  the  sun, 
are  gradually  dispersed  by  the  latter's  differential  attraction.  The 
mutual  gravity  of  the  cometic  fragments  being  very  small,  the  differ- 
ential gravity  of  the  sim,  in  its  own  neighborhood,  becomes  superior 
to  it,  and  the  members  of  the  cometary  cluster  are  drawn  apart,  and 
thenceforth  revolve  about  the  sun  in  their  own  individual  orbits,  irre- 
spective of  the  other  members.  In  other  words,  the  swarm  of  mete- 
oritic  fragments  that  constitutes  the  comet's  head  passes  into  the 
planetesimal  state  by  dispersion.  In  this  we  have  an  instance  of  that 
tendency  of  a  swarm  to  pass  into  a  planetesimal  condition,  to  which 
allusion  has  heretofore  been  made. 
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These  planetesimals  constitute  one  variety  of  meteoroidal  bodies, 
and  it  is  to  these  that  the  brilliant  August  and  September  meteoritic 
showers  are  assigned.  It  has  not  been  quite  demonstrated  that  they 
are  identical  with  the  iron  and  stone  meteorites  above  described,  for 
they  do  not  generally  reach  the  earth,  and  it  is  not  positively  known 
that  they  have  done  so  in  any  case,  though  one  case  of  high  probability 
is  known;  but  their  essential  identity  is  extremely  probable.  In  the 
fact  that  they  have  come  to  have  individual  orbits  about  the  sun, 
and  that  these  orbits  are  roughly  parallel  to  one  another,  and  that 
their  velocities  are  of  the  same  order,  they  do  not  represent  the  tjrpical 
meteoritic  condition,  as  heretofore  defined.  They  rather  illustrate 
the  planetesimal  phase  of  the  meteoroidal  condition. 

The  foregoing  hypothesis  of  the  origin  of  meteorites  makes  them 
but  an  incidental  result  of  stellar  and  planetary  action.  Their  genesis 
is  wholly  a  secondary  matter,  and  furnishes  no  ground  for  regarding 
meteorites  as  the  parent  material  of  great  nebulae  or  of  stellar  systems. 
The  quantity  of  matter  dispersed  in  this  way  is,  by  the  terms  of  the 
hypothesis,  limited  to  an  extremely  small  part  of  the  total  mass  of 
the  system  from  which  it  is  derived.  It  is  therefore  regarded  rather 
as  an  incidental  result  of  trivial  importance  than  as  a  primary  con- 
dition capable  of  generating  great  systems.  This  scattered  matter 
is  presumed  to  be  picked  up  bit  by  bit  by  all  the  larger  bodies,  as 
is  being  done  daily  by  the  earth;  and  the  maintenance  of  the  supply 
requires  only  the  disruption  of  small  bodies  to  an  extent  equal  to  the 
trivial  masses  gathered  in  by  the  existing  suns  and  planets.  The 
exceedingly  small  amount  of  meteoritic  material  picked  up  by  the 
earth  is  in  harmony  with  this  interpretation. 

The  h3rpothetical  nature  of  this  discussion  of  meteorites  will  be 
noted  and  due  reserve  in  building  other  views  upon  it  should  be  exer- 
cised, but  the  suggestions  made  in  it  may  have  some  value  in  rounding 
out  a  consistent  conception  of  the  factors  involved  in  the  complex 
problem  of  which  earth-genesis  is  a  part,  and  may  be  helpful  in  dis- 
tinguishing between  competent  generating  factors  and  merely  inci- 
dental by-products. 

In  conclusion,  it  may  be  remarked  that  the  meteoritic  condition 
seems  most  probably  to  be  the  product  of  incidental  dispersion,  and 
to  be  the  source  of  merely  incidental  accretion  by  existing  bodies, 
having  neither  great  magnitude  nor  importance.    It  does  not  seem 
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to  represent  a  great  generative  method  whereby  stellar  systems  are 
evolved.  Originated,  by  hjrpothesis,  in  dispersion,  it  is  ever  diver- 
gent in  its  own  tendencies,  passing  into  the  gaseous  state  on  the  one 
hand,  or  into  the  planetesimal  on  the  other,  or,  escapmg  these,  it  is 
depleted  by  contributing  its  constituents,  one  by  one,  to  existing  suns 
and  planets. 

III.  The  Planetesimal  Hypothesis.^ 

Under  the  typical  form  of  the  planetesimal  hypothesis,  it  is  assumed 
that  the  parent  nebula  of  the  solar  sys^j^^^  formed  of  innumerable 
small  bodies,  planetesimals,  revolving^^^^^  central  gaseous  mass, 
much  as  do  the  planets  today.  The^^^Hgn  of  the  system  con- 
sisted in  the  aggregation  of  these  innumBHe  small  bodies  into  much 
fewer  large  ones;  in  other  words,  in  a  transition  from  a  plantesimal  to 
a  planetary  system.  The  hypothesis,  therefore,  postulates  no  fimda- 
mental  change  in  the  system  of  dynamics,  after  the  nebula  was  once 
formed,  but  only  an  assemblage  of  the  scattered  material.  The  state 
of  dispersion  of  the  material  at  the  outset  and  throughout,  as  now, 
was  maintained  by  orbital  revolution,  or,  more  closely  speaking,  by 
the  centrifugal  acceleration  arising  from  revolution.  The  planetesimal 
hypothesis  by  no  means  excludes  gases  from  playing  a  part  in  the 
parent  nebula,  or  in  its  evolution,  any  more  than  it  denies  their  presence 
in  the  sun  or  the  atmosphere  to-day,  but  it  assigns  to  gaseous  action 
a  subordinate  place  in  the  evolution  of  the  planetary  system  after  the 
planetesimal  condition  had  become  established. 

Subvarieties  of  the  hypothesis. 

Under  the  broad  general  conception  that  planets  grew  from  planet- 
esimals, it  is  possible  to  entertain  different  views  as  to  the  particular 
origin  of  the  planetesimal  condition.    That  condition  might  be  an  out- 

*  This  hypothesis  has  been  gradually  developed  by  the  senior  author  of  this  work 
during  the  past  decade,  with  the  very  important  advice  and  aid  of  Dr.  F.  R.  Moulton 
and  other  scientific  friends.  Partial  expositions  have  been  made  before  scientific 
societies  at  different  times,  and  a  somewhat  extended  statement  appears  in  Year 
Book  No.  3,  Carnegie  Institution,  1905,  pp.  208-253,  but  this  is  its  first  full  statement 
with  illustrations.  A  statement  from  the  standpoint  of  a  mathematical  astronomer 
and  a  master  in  celestial  dynamics  will  be  made  by  Dr.  Moulton  in  his  forthooming 
Work  on  astronomy. 
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growth  of  a  gaseous  spheroid  of  the  Laplacian  type^  or  it  might  pos- 
sibly be  developed  from  a  meteoritic  state  under  certain  conditions, 
or  it  might  arise  from  the  mode  of  dispersion  to  which  the  nebula  itself 
was  due.    This  last  is  taken  as  the  type  case. 

Planetesimal  condition  arising  from  a  gaseous  spheroid. — If  the 
parent  nebula  were  a  gaseous  spheroid,  as  assimied  by  Laplace,  and 
were  to  detach  material  from  its  equatorial  belt,  molecule  by  molecule, 
rather  than  by  rings,  these  molecules  would  probably  become  planetesi- 
maJs  instead  of  members  of  a  true  gaseous  body.  It  is  not  the  thought 
that  these  molecules  would  be  thrown  off  directly  into  planetesimal 
orbits,  because  their  initi^paths  would  probably  be  ellipses  that 
would  bring  them  back^^^^3oint  of  departure;  but  that,  by  cer- 
tain classes  of  coUisions^^^^B  these  elliptical  orbits,  they  would  be 
diverted  into  orbits  tha^^^HT  not  bring  them  again  into  collision 
with  the  parent  spheroid.  It  is  not  of  sufficient  importance  to  this 
discussion  to  explain  in  detail  the  process  by  which  this  would  be 
accomplished,  but  the  ingenious  student  will  readily  work  it  out  for 
himself.  There  is  reason  to  believe  that  this  method  would  really 
be  almost  the  only  systematic  one  by  which  a  gaseous  spheroid  of 
the  Laplacian  type  would  detach  material  from  its  equatorial  belt. 

But  granting  that  this  be  not  true,  and  that  an  earth-moon  gase- 
ous ring  was  formed,  as  assimied  in  the  Laplacian  hjrpothesis,  com- 
putation shows  that  its  attractive  power  at  any  one  point  on  its  sur- 
face would  be  very  low.  If  the  present  earth  were  converted  into  a 
solid  ring,  occupying  its  present  orbit,  it  would  have  a  diameter  of 
about  twenty-five  miles,  with  its  present  average  density.  Compu- 
tation is  scarcely  necessary  to  show  that  the  gravity  of  this  ring,  at 
any  point  on  its  surf  ace,  would  be  very  feeble;  and  it  is  obvious  that 
this  gravity  must  be  greater  than  the  gravity  on  the  surface  of  the  isame 
matter  when  dispersed  in  the  form  of  a  gas  by  intense  heat.  Now 
the  application  of  the  kinetic  theory  of  gases  to  such  a  ring,  imder 
the  postulated  temperature,  forces  the  conviction  that  the  molecules 
would  have  been  so  driven  apart  by  mutual  collision  that  they  would 
have  become  essentially  independent  of  one  another,  each  revolving 
in  its  individual  orbit,  with  only  rare  and  incidental  collisions.  In 
other  words,  they  would  have  become  planetesimals  controlled  by 
the  central  mass,  and  not  a  gaseous  aggregate  controlled  by  its  own 
gravity.    They  would,  therefore,  not  have  been  concentrated  by  direct 


40  GEOLOGY. 

attraction,  on  the  principles  controlling  a  cooling  gaseous  body,  but 
would  have  been  subject  to  accretion,  one  by  one,  in  the  modes  presently 
to  be  described. 

Planetesimal  condition  arising  from  the  meteoritic. — Under  certain 
circumstances,  meteorites  might  possibly  be  assembled  in  such  a  way 
that  they  would  come  to  revolve  in  concentric  orbits  about  their  com- 
mon center  of  gravity,  and  thus  assume  a  quasi-planetesimal  condi- 
tion, in  contradistinction  to  that  of  a  typical  swarm  of  meteorites  in 
which  each  is  habitually  drawn  toward  the  center,  collides,  and  rebounds 
after  the  fashion  of  gaseous  molecules,  as  conceived  by  Lockyer  and 
Darwin.  The  meteoroids  that  are  formed  by  the  dispersion  of  a  comet, 
such  as  constitute  the  belts  that  give  rise  to  the  August  and  November 
meteoric  showers,  are  probably  in  the  planetesimal  rather  than  the 
coUision-reboimd  condition,  and  are  becoming  more  and  more  scattered, 
and  individually  independent,  as  time  goes  on. 

Planetesimal  condition  arising  from  original  nebular  dispersion. — 
The  type  view,  however,  assumes  that  the  parent  nebula  had  a  planet- 
esimal organization  from  the  outset.  The  conception  is  a  rather 
radical  departure  from  the  gaseous  conception  of  Laplace,  and  the 
meteoritic  conception  of  Lockyer,  so  far  as  fimdamental  dynamics 
and  mode  of  evolution  are  concerned.  In  the  following  sketch  a  rather 
special  phase  of  this  view  will  be  adopted,  partly  for  the  sake  of  definit^- 
ness  and  such  clearness  as  the  complexity  of  the  subject  may  permit, 
and  partly  for  the  following  reasons: 

(1)  It  postulates  thai  form  of  nebula  which  is  by  far  the  most  cojnmon, 
the  spiral; 

(2)  This  form  of  nebula  gives  a  spectrum  consistent  with  a  planetesimal 
constitution,  if,  indeed,  it  does  not  directly  imply  such  a  constitution; 

(3)  This  form  of  nebvla  seems  to  possess  the  requisite  ma^s-distribtitions 
and  momenta; 

(4)  The  special  view  of  the  origin  of  this  form  of  nebula  asstimes  only 
that  which  is  liable  to  happen,  is  simple  in  its  basal  event,  and  is  as  mildly 
catastrophic  as  the  genesis  of  a  system  can  well  be  assumed  to  be. 

While  this  will  be  followed  as  the  type  view,  let  it  be  distinctly 
noted  that  the  planetesimal  doctrine  of  accretion  does  not  stand  or  fall 
with  this  particular  conception.  As  a  first  step  in  its  deployment, 
let  us  turn  to  the  heavens  for  such  light  as  existing  nebulae  may  shed 
upon  their  own  origin  and  constitution. 
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The  characteristics  of  present  nebvloR. 

So  far  as  their  constitution  is  now  revealed  by  the  spectroscope, 
nebulse  fall  into  two  general  classes,  the  one  characterized  by  bright 
spectral  lines,  the  other  by  a  continuous  spectrum. 

1.  Free-molecular  nebulae. — The  first  are  usually  said  to  be  gaseous, 
but  this  not  a  sufficiently  accurate  designation.  The  bright  lines  of  the 
spectrum  can  only  be  affirmed  to  indicate  that  the  matter  of  the  nebulae 
is  in  a  free-molecular  condition.  They  do  not  certainly  indicate  whether 
(1)  the  molecules  are  in  the  coUisional  relations  of  gaseous  molecules, 
or  (2)  are  scattered  widely,  like  the  stars  of  heaven,  so  that  collisions 
are  rare  and  incidental,  or  (3)  are  moving  on  radiating  or  on  parallel 
lines,  or  (4)  are  pursuing  concentric  orbits  and  are  thus  planetesimal  in 
dynamic  character.  For  the  purposes  of  this  discussion,  where  dynamic 
distinctions  are  important,  these  nebulae  may  be  designated,  with  due 
reserve,  simply  as  free-molecular  nebulw.  They  often  have  a  greenish 
cast  from  the  predominance  of  green  lines  in  their  spectra,  and  are 
conveniently  styled  green  nebulae.  The  bright  spectral  lines  indicate 
the  dominance  of  hydrogen,  helium,  and  an  otherwise  unknown  element, 
or  elements,  provisionally  called  nebulium.  There  are  occasionally  a 
few  other  non-metallic  elements,  but  metals  have  not  been  detected. 
Their  constitution,  as  now  determined,  does  not,  therefore,  fit  them 
for  the  parentage  of  our  earth,  in  which  metals  aboimd  and  in  which 
hydrogen  and  helium  are  subordinate  elements,  while  nebulium  is 
unknown.  The  possibility  of  transmutation  into  suitable  elements  can- 
not, to  be  sure,  be  safely  denied  in  these  days  of  revolutionary  dis- 
coveries. The  class  includes  the  "planetary,''  the  "stellar,"  the 
"ring,"  and  most  of  the  irregular  nebulae. 

Almost  identical  with  the  spectra  of  these  nebulae  are  the  spectra 
developed  in  an  early  phase  of  the  declining  stages  of  the  new  stars  that 
occasionally  flash  forth  with  sudden  brilliancy  and  soon  die  away  to 
obscurity  or  extinction,  continuous  spectra  sometimes  marking  the 
later  stages.  While  the  origin  of  these  ''Novce^'  is  unknown,  the  con- 
jecture that  they  are  due  to  collision  or  to  explosion  has  been  enter- 
tained, and  this  conception  has  also  been  extended  to  the  free-molecular 
class  of  nebulae.  By  remote  and  uncertain  speculation  imder  the 
stimulus  of  recent  revolutionary  discoveries  in  dissociation,  the  vio- 
lence of  their  assigned  origin  may  be  in  some  way  correlated  with  the 
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extremely  low  molecular  weights  of  their  constitutent  molecules  and 
their  apparently  elementary  condition.  It  is  a  further  suggestive 
fact  that  the  early  spectra  of  these  new  stars  and  the  green  nebulae 
are  closely  similar  to  those  of  the  "helium  stars"  and  the  "hydrogen 
stars",  which  astronomers  usually  place  in  the  first  or  'earliest"  group 
in  evolutionary  classifications  of  the  stars.  There  is  thus  much  of 
ground,  therefore,  for  linking  together  in  genetic  studies  these  stars, 
the  NovcB,  and  the  helium-hydrogen-nebulium  nebulae,  and  for  looking 
upon  them  provisionally,  as  primitive  states.  If  our  quest  were  the 
genesis  of  stars,  these  would  seem  to  point  the  way,  so  far  as  anything 
does  at  present;  but  oiu*  quest  is  the  genesis  of  the  solar  family  of 
planets,  in  one  of  which  our  study  centers;  and  the  genesis  of  our  earth 
is  not  necessarily  and  inmiediately  connected  with  the  genesis  of  stars. 
Nebulous  bodies  composed  of  helium,  hydrogen,  and  the  hypothetical 
nebulium  might,  for  aught  science  dare  now  affirm,  remotely  evolve 
into  material  of  the  complex  terrestrial  type;  but  the  speculation  is 
rather  too  bold  for  prudent  use  as  a  basal  factor  in  a  conservative 
hypothesis. 

The  forms  of  the  helium-hydrogen-nebulium  nebulae*  are  scarcely 
more  promising  for  planetary  evolution,  when  their  dynamical  proper- 
ties are  considered.  While  observation  has,  as  yet,  determined  almost 
nothing  as  to  their  internal  movements,  their  forms  do  not  encourage 
the  belief  that  they  would,  imder  known  laws,  evolve  into  a  system 
characterized  by  the  peculiar  distribution  of  mass  and  momentum 
which  the  solar  system  presents.  For  the  present,  therefore,  these 
nebulae  may  be  passed  by  in  a  search  for  the  inmiediate  genesis  of  the 
earth. 

2.  Aggregate-molecular  (planetesimal  ?)  nebulae. — ^The  other  class 
of  nebulae  give  continuous  spectra,  and  are  conveniently  styled  white 
nebulae.  The  continuous  spectnmi  is  interpreted  to  mean  that  their 
chief  luminous  material  is  in  a  liquid  or  solid  state,  or  perhaps  better, 
that  the  molecules  are  in  an  aggregated  state,  in  distinction  from  the 
free  state  of  the  previous  class.  As  the  liquid  condition  is  limited  to 
a  rather  narrow  range  of  temperature,  and  as  this  range  is  very  differ- 
ent for  different  materials,  it  is  improbable  that  any  large  portion  of  a 
nebula  is  in  this  state,  and  the  whole  may  be  conveniently  treated  as 
though  solid,  but  in  a  finely  divided  condition.  This  last  qualification 
seems  necessary,  for  the  volume  of  these  nebulae  is  often  very  great, 
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and  yet  they  appear  to  intercept  but  little  light,  and  give  no  signs  of 
great  attractive  power. 

The  dominant  form  of  these  nebulae  is  the  spiral,  as  determined  by 
the  late  Professor  Keeler,^  and  this  form  particularly  characterizes  the 
smaller  nebula)  recently  brought  to  knowledge  by  improved  instru- 
ments and  manipulative  skill.  These  newly  discovered  nebulae  are 
estimated  to  number  at  least  ten  times  the  whole  number  previously 
known.  From  the  superior  number  of  spiral  nebulse  it  is  a  safe  inference 
that  their  peculiar  fonns  represent  some  prevalent  process  in  celestial 
dynamics.  That  is,  in  itself,  a  reason  why  research  should  turn  to 
them  by  preference  for  the  origin  of  the  present  solar  system. 

Nothing  is  yet  positively  known  of  the  motions  of  the  parts  of  these 
spirals,  for  time  enough  has  not  yet  elapsed  since  they  were  first  sharply 
photographed  to  permit  the  requisite  comparisons.  Inferences  from 
their  remarkable  forms  are  the  only  present  resource.  The  accom- 
panying photographic  illustrations  of  some  of  the  larger  and  more 
distinct  forms  will  permit  independent  judgment  as  to  the  validity  of 
these  inferences  (Figs.  12  to  21).  To  us  their  peculiar  forms  seem 
to  imply  that  the  spirals  sprang  from  a  combined  outward  and  rotatory 
viovement.  The  outward  movement  may  have  been  already  checked 
by  the  gravity  of  the  central  mass,  and  the  rotatory  motion  be  domi- 
nant at  present,  but  their  forms  seem  still  to  bear  the  impress  of  an 
outward  movement.    If  the  outward  movement  has  ceased,  or  when  it 

•  The  profoundly  lamented  death  of  Professor  Keeler,  just  as  he  was  beginning 
to  reap  the  rich  fruits  of  his  skill  and  patience  in  nebular  investigations,  gives 
historical  value  to  his  latest  statement  of  results,  published  about  two  months 
before  hb  death. 

"1.  Many  thousands  of  unrecorded  nebulse  exist  in  the  sky.  A  conservative 
estimate  places  the  number  within  reach  of  the  Crossley  reflector  at  about  120,000. 
The  number  of  nebulae  in  our  catalogues  is  but  a  small  fraction  of  this. 

"  2.  These  nebulse  exhibit  aU  gradations  of  apparent  size  from  the  great  nebula  in 
Andromeda  down  to  an  object  which  is  hardly  distinguishable  from  a  faint  star-disk. 

"3.  Most  of  these  nebulae  have  a  spiral  structure.  .  .  . 

"While  I  must  leave  to  others  an  estimate  of  the  importance  of  these  conclusions, 
it  seems  to  me  that  they  have  a  very  direct  bearing  on  many,  if  not  all,  questions 
concerning  the  cosmogony.  If,  for  example,  the  spiral  is  the  form  normally  assumed 
by  a  contracting  nebulous  mass,  the  idea  at  once  suggests  itself  that  the  solar  sys- 
tem has  been  evolved  from  a  spiral  nebula,  while  the  photographs  show  that  the  spiral 
nebula  is  not,  as  a  rule,  characterized  by  the  simplicity  attributed  to  the  contract- 
ing  mass  in  the  nebular  hypothesis.  This  is  a  question  which  has  already  been  taken 
up  by  Professor  Chamberlin  and  Mr.  Moulton  of  the  University  of  Chicago." — ^As- 
tpophys.  Jour.,  June  1900,  pp.  347,348. 
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Fig.  12. — A  very  large,  highly  dispersed  nebula,  Messier  33,  in  the  Triangle,  in  which 
the  knots  are  very  pronounced  and  the  nebulous  haze  is  irregular  and  flocculent. 
It  is  interpreted  as  young,  because  the  arms  are  not  greatly  coiled  and  the  nebu- 
lous haze  has  not  become  generally  distributed.  A  succession  of  expulsive  im- 
pulses seems  to  be  indicated.  Judged  by  the  luminosity,  the  amount  of  matter 
m  the  nucleus  is  relatively  small,  and  so  the  difference  in  the  motions  of  the  outer 
and  inner  parts  is  much  less  than  in  a  system  of  the  solar  type,  and  the  evo- 
lution is  very  slow.  The  distance  is  unknown,  and  hence  the  dimensions  are  un- 
known, but  they  are  probabljr  much  greater  than  those  of  the  solar  system.  There 
is  much  uncertaintv  in  judging  of  the  mass  by  the  luminosity,  for  some  of  the 
matter  mav  have  little  luminosity  and  some  may  not  be  limiinous  at  all.  The 
central  and  denser  portions  are  likely  to  be  relatively  more  luminous  than  the 
dispersed  portions.     (Photo,  by  Ritchey,  Yerkes  Observatory.) 
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.^IDiral  nebula  in  Urea  Major,  Messier  101.     The  anns  are  i 
^^^^imed  to  a  succession  of  expulsions  at  successive  stages 
Ritchey,  Yerkes  Observatory.) 
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ceases,  the  rotatory  movement  must  tend  to  wrap  the  spu-al  up  more 
and  more  closely  ^  and  symmetrically,  because  the  revolutions  of  the 
inner  parts  must  be  more  rapid  than  those  of  the  outer  parts.  The 
forms  that  seem  to  be  the  more  mature  appear  to  betray  this,  for  the 
inner  parts  are  coiled  more  closely  and  symmetrically  than  the  outer 


Fig.  14. 


Fig.  15. 


Fig.  14. — A  brilliant  spiral  nebula  in  Canes  Venatici,  Messier  51.  The  exposure  was 
long  and  has  given  relative  exaggeration  to  the  fainter  parts.  The  nucleus  is 
apparently  dense  and  relatively  massive;  the  coiling  is  pronounced  and  rather 
symmetrical  in  the  inner  parts,  but  departs  from  symmetry  in  the  outer  parts. 
A  second  nucleus  is  attached  to  the  extremity  of  one  arm.  If  this  be  interpreted 
as  the  representation  of  the  disturbing  star,  it  should  perhaps  be  regarded  as  made 
of  colder,  heavier  material,  much  less  subject  to  expulsive  elasticity,  and  hence  less 
dispersed,  and  only  slightly  affected  by  rotating  influences.  A  notable  feature  is 
the  comet-like  streamers  of  some  of  the  knots  and  denser  portions.  If  these  are 
true  streamers,  curved  by  motion,  they  imply  an  active  rotation  and  strengthen 
the  similar  inference  drawn  from  the  coiled  condition.  The  system  is  perhaps  to 
be  interpreted  as  young,  but  as  having  advanced  rapidly  in  its  rotatory  evolution 
because  of  its  massive  nucleus.     (Photo,  by  Ritchey,  Yerkes  Observatory.) 

Fig.  15. — A  spiral  nebula  (Messier  61)  in  which  the  central  mass  is  sharply  defined, 
the  inmiediately  surrounding  portion  diffuse  and  hazy,  while  the  outlying  portion 
retains  its  spiral  distribution.  The  middle  of  the  outer  portion  appears  to  con- 
tain most  of  the  outlying  matter,  the  distribution  somewhat  resembling  that  in 
the  solar  system.  The  dimensions  here  are  presumptively  much  greater  than  those 
of  the  solar  nebula,  but  this  is  not  certainly  known.  (Photo,  from  Lick  Observa- 
tory.) 


parts.  This  is  notable  in  Figs.  13  and  14.  In  the  remarkable  nebula 
in  Canes  Venatici  (Fig.  14)  there  are  curved  streamers,  like  the  tails 
of  comets,  stretching  outward  from  some  of  the  knots  in  the  arms. 
If  these  are  indeed  streamers  driven  outward  from  the  knots  and 

^  This  does  not  mean  that  the  matter  is  drawn  toward  the  center,  but  merely  that 
the  arms  are  stretched  and  more  closely  coiled. 
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curved  by  motion,  as  in  the  case  of  comets'  tails,  they  testify  very 
definitely  to  a  rotatory  movement. 

A  notable  and  seemingly  very  significant  feature  of  these  nebulae 
is  the  presence  of  two  dominant  arms  that  arise  from  diametrically  op- 
posite sides  of  the  nucleus,  and  curve  concentrically  away.  No  single- 
arm  spiral  of  the  watch-spring  type  has  been  found.    There  are  often 


Fig.  16.  Fig.  17. 

Fig.  16. — ^A  typical  spiral  nebula  in  Piscium,  Messier  74,  with  very  symmetrical  arms, 
pronounced  nucleus  and  knots,  and  a  relatively  limited  amount  of  nebulous  haze. 
(Photo,  from  Lick  Observatory.) 

Fig.  17. — A  suggestive  nebula  in  Ceti,  Messier  77,  in  which  the  proportions  between 
the  apparent  masses  of  the  central  and  the  outlying  parts  is  somewhat  analogous 
to  those  assigned  the  solar  nebula;  so  also  are  the  proportions  between  the  knots 
and  the  nebulous Tiaze,  and  the  number  of  the  knots  is  also  similar,  but  the  volume 
of  the  central  portion  is  disproportionately  large.    (Photo,  from  Lick  Observatory.) 

more  than  two  arms  in  the  outer  part,  and  there  is  much  irregularly 
dispersed  matter,  but  even  in  the  more  scattered  forms  the  dominance 
of  two  arms  is  discernible. 

A  second  feature  of  note  is  the  presence  of  numerous  nebulous 
knots  or  partial  concentrations  on  the  arms,  and  more  or  less  outside 
them.  So,  also,  the  more  diffuse  nebulous  matter  is  unequally  dis- 
tributed, and  in  some  of  the  forms,  regarded  as  yoimgest,  dark  spots 
and  lines  emphasize  the  irregularity  (see  Fig.  12). 

All  these  features  go  to  show  that  these  forms  are  controlled,  not  by 
the  support  of  part  on  part,  as  in  a  continuous  body,  or  in  a  mass  of 
gas,  or  even  in  a  definite  swarm  of  quasi-gaseous  meteorites,  but  by 
some  system  of  combined  kinetic  energj^  and  gravity  which  permits  inde- 
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pendence  of  parts.  It  is,  therefore,  conceived  that  the  innumerable 
sohd  or  liquid  particles  which  the  continuous  spectrum  implies, 
revolve  about  the  common  center  of  gravity  as  though  they  were 
planetoidal  bodies.  If  this  were  certainly  known  to  be  the  case, 
these  might  be  well  called  planetesimal  nebuLce. 

It  is  clear  from  the  tenuity  of  these  nebulse,  as  seen  from  the  side 
of  the  spiral,  that  they  are  thin  and  disk-like,  and  this  is  directly  shown 
to  be  so  in  the  case  illustrated  in  Fig.  18,  which  is  seen  obliquely.  The 
slender  ellipse  shown  in  Fig.  19  probably  represents  a  spiral  seen  edge- 
wise, but  this  is  not  certain.    In  their  disk-like  shapes,  these  nebula 


Fig.  18.  Fio.  19. 

Fig.  18. — ^A  spiral  nebula  in  Pegasi  (HI  53),  seen   obliquely,  showing  the  disk-like 

form.     (Photo,  from  Lick  Observatory.) 
Fig.  19. — An  elliptical   nebula  (HV  41),  interpreted  uncertainly  as  a  possible  spiral 

seen  from  a  point  in  its  own  plane.     (Photo,  from  Lick  Observatory.) 

conform  to  the  mode  of  distribution  of  matter  in  the  solar  system. 
Within  the  area  of  their  disks  also,  the  distribution  is  irregular  as 
it  is  in  the  solar  system — a  fact  too  much  overlooked  by  reason  of  our 
predilection  for  symmetry,  under  the  influence  of  the  symmetrical 
Laplacian  conception. 

If  these  nebulae  are  composed  of  minute  aggregates  of  matter  re- 
volving as  planetesimals  about  the  nebular  centers,  the  momentum  of 
the  outer  parts  is  necessarily  high  in  proportion  to  that  of  the  inner 
portions,  and  in  this  essential  particular  they  meet  the  most  stubborn 
of  the  difficulties  that  confront  the  Laplacian  hypothesis. 

All  of  the  spiral  nebula?  of  our  illustrations  have  dimensions  that 
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vastly  transcend  those  of  the  solar  system,  and  they  cannot  be  taken 
as  precise  examples  of  the  solar  evolution.  Because  of  these  vast 
dimensions  and  of  the  probable  feebleness  of  control  of  the  central  mass, 
which  often  appears  to  be  itself  quite  tenuous,  a  rapid  motion  cannot 


Fig.  20. — ^The  great  nebula  in  Andromeda,  seen,  apparently,  obliquely;  the  greatest 
of  the  spiral  nebulse.  The  nucleus  is  highly  preponderant  and  spheroidal;  the 
knots  are  less  pronounced  than  in  the  preceding,  and  nebulous  haze  is  more  abun- 
dant relatively.  The  spectrum  is  contmuous,  with  some  dark  lines,  implying  that 
the  central  nucleus  is  akin  to  the  sun.  No  parallax  has  been  determined,  but  the 
distance  is  inferred  to  be  great  and  the  dimensions  immense,  as  many  small  stars 
appear  to  be  this  side  the  nebula.  This  nebula  has  sometimes  been  suspected  to 
be  in  reality  a  stellar  system  outside  our  own.  Two  smaller  spheroidal  nebulie 
are  shown  which  mav  or  may  not  be  connected  genetically  with  the  great  one. 
(Photo,  by  Ritchey,  Yerkes  Observatory.) 

well  be  assigned  to  the  arms.  Seen  from  the  immense  distances  at 
which  the  nebulae  seem  to  be  placed — no  parallax  having  been  as  yet 
detected — changes  of  position  must  necessarily  be  slow  in  revealing 
themselves  to  observation.  It  is  to  be  hoped,  however,  that  the  present 
rapid  progress  in  the  perfection  of  instriunents  and  of  skill  will  soon 
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bring  within  the  reach  of  successful  study  some  of  the  smaller  spiral 
nebulae  that  represent  more  nearly,  in  mass  and  proportions,  the  solar 


Fig.  21. — ^A  spiral  nebula  in  Ursa  Major,  Messier  18,  showing  a  large  dominant  central 
mass,  witn  synmietrical  aims,  well  coiled.  Form  and  proportions  not  unlike 
those  assigned  to  the  parent  solar  nebula.  Interpreted  as  somewhat  ad\'anced 
in  evolution.     (Photo.  Irom  Lick  Observatory.) 

system,  and  that  some  of  these  will  be  found  sufficiently  near  to  per- 
mit an  early  determination  of  their  motions. 
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While  awaiting,  for  how  long  we  cannot  tell,  such  positive  deter- 
mination, it  may  contribute  to  clearness  of  view,  even  if  it  shall  fail 
to  be  an  anticipation  of  the  real  fact,  to  definitely  picture  the  possible 
ori^  of  the  supposed  nebula  that  grew  into  the  present  solar  system. 

The  hypothetical  origin  of  the  solar  nebula. 

An  implied  ancestral  system. — The  inference  that  a  spiral  nebula 
is  formed  by  a  combined  outward  and  rotatory  movement  implies 
a  preexisting  body  that  embraced  the  whole  mass.  In  harmony  with 
this,  an  ancestral  solar  system  is  postulated — a  system  perhaps  in  no 
essential  respect  different  from  the  present  one.  Our  hypothesis  does 
not,  therefore,  concern  itself  with  the  primarj'^  origin  of  the  sim,  or  of 
the  stars,  or  with  the  ulterior  questions  of  cosmic  evolution.  It  con- 
fines itself  to  a  supposed  episode  of  the  sun's  history,  in  which  the 
present  family  of  planets  had  its  origin,  and  in  the  initiation  of  which 
a  possible  previous  family  may  have  been  dispersed;  but  no  affirmation 
is  made  relative  to  the  last  point.  With  some  partiality  perhaps,  this 
episode  may  be  regarded  as  geologic,  since  it  specially  concerns  the 
birth  of  the  planet  of  which  alone  we. have  intimate  knowledge. 

'  The  question  of  adequacy  of  energy, — ^To  this  conception  of  an 
ancestral  sun,  with  an  undefined  antecedent  history  as  a  star,  question 
will  arise  at  once  as  to  a  sufficiency  of  energy  for  the  sun's  mainte- 
nance through  such  a  prolonged  history.  It  has  been  strongly  urged 
during  the  past  half-century,  by  very  eminent  physicists,  that  the 
resources  of  energy  assignable  for  the  maintenance  of  the  sun's  heat 
and  light  could,  at  best,  be  barely  sufficient  for  the  geological  and 
biological  demands  of  the  earth's  known  history,  even  when  these 
are  most  conservatively  estimated.  How  much  less  then  can  they 
be  sufficient  for  an  antecedent  history  of  unknown  duration!  This 
objection  is  based  on  the  assumption  that  the  sim's  heat  and  light 
are  derived  almost  wholly  from  self-compression,  as  urged  by  Helm- 
holtz.  That  self-compression  is  a  potent  source  of  heat  is  not  ques- 
tioned, but  the  Helmholtzian  theory  takes  no  account  of  sub-molec- 
ular and  sub-atomic  sources  of  energy.  The  transcendent  potency 
of  these  sources  of  energy  has  been  for  some  time  suspected,^  and  is 

*  The  following  was  written  in  1899  before  experimental  demonstration  had  been 
reached:  "Without  questioning  its  correctness,  is  it  safe  to  assimie  that  the  Helm- 
holtzian h3rpothesis  of  the  heat  of  the  sun  Is  a  complete  theory?    Is  present  knowledge 
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now  being  revealed  by  refined  physical  research.  The  extraordmary 
energies  displayed  by  radio-active  substances  are  doubtless  but  an 
initial  demonstration  of  immeasurable  energies  resident  in  other  forms 
of  matter  and  in  the  constitution  of  the  sidereal  system,  and  compe- 
tent for  its  maintenance  for  unassignable  periods.  It  does  not  appear, 
therefore,  in  the  light  of  recent  revelations  in  physics,  or  recent  dis- 
coveries in  the  constitution  of  the  stars  and  the  stellar  system,  that 
there  is  any  sufficient  reason  for  setting  narrow  limits  to  the  life  of 
the  sun.  It  seems  more  in  accord  with  recent  advances  in  knowledge  to 
place  the  compressional  theory  of  the  sim's  heat  m  the  category  of 
the  earlier  chemical  and  meteoritic  theories,  as  true  and  contribu- 
tory, but  as  only  partial  and  inadequate.  The  one  thing,  perhaps, 
above  all  other  things,  which  the  progress  of  research  is  bringing  into 
recognition  is  the  immensity  of  the  energy  of  the  imiverse,  of  which 
energy  only  a  small  fraction  is  usually  apparent  to  us,  doubtless  because 
it  is  chiefly  in  a  state  of  equilibrium,  and  only  becomes  sensible  when 
its  equilibrium  is  disturbed. 

There  seem  to  be  no  sufficient  grounds,  therefore,  for  hesitating 
to  assume  an  ancestral  solar  system,  the  center  of  which  was  the  parent 
of  the  present  sim.    This  involves  the  further  quite  reasonable  assump- 

relative  to  the  behavior  of  matter  under  such  extraordinary  conditions  as  obtaui 
in  the  interior  of  the  sun  sufficiently  exhaustive  to  warrant  the  assertion  that  no  unrecog- 
nized sources  of  heat  reside  there?  What  the  internal  constitution  of  the  atoms 
may  be  is  yet  an  open  question.  It  is  not  improbable  that  they  are  complex  organi- 
zations, and  the  seats  of  enormous  energies.  Certainly,  no  careful  chemist  would 
afiirm  either  that  the  atoms  are  really  elementary,  or  that  there  may  not  be  locked 
up  in  them  energies  of  the  first  order  of  magnitude.  No  cautious  chemist  would 
probably  venture  to  assert  that  the  component  atomecules,  to  use  a  convenient  phrase, 
may  not  have  energies  of  rotation,  revolution,  position,  and  be  otherwise  compara- 
ble in  kind  and  proportion  to  those  of  a  planetary  system.  Nor  would  he  prob- 
ably feel  prepared  to  affirm  or  deny  that  the  extraordinary  conditions  which  reside 
in  the  center  of  the  sun  may  not  set  free  a  portion  of  this  energy.  The  Helmholtzian 
theory  takes  no  cognizance  of  latent  and  occluded  eneiigies  of  an  atomic  or  ultra- 
atomic  nature.  A  ton  of  ice  and  a  ton  of  water  at  a  like  distance  from  the  center 
of  the  system  are  accounted  equivalents,  though  they  differ  notably  in  the  total  sum 
of  their  energies.  The  familiar  latent  and  chemical  energies  are,  to  be  sure,  negli- 
gible quantities  compared  with  the  enormous  resources  that  reside  in  gravitation. 
But  is  it  quite  safe  to  assimie  that  this  is  true  of  the  unknown  energies  wrapped  up 
in  the  internal  constitution  of  the  atoms?  Are  we  quite  sure  we  have  yet  probed  the 
bottom  of  the  sources  of  energy  and  are  able  to  measure  even  roughly  its  sum  total?" — 
On  Lord  Kelvin's  Address  on  the  Age  of  the  Earth  as  an  Abode  Fitted  for  Life.T.  C. 
Cliamberlin,  Science,  Vol.  IX,  June  30,  and  Vol.  X,  July  7,  1899. 
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tion  that  the  sidereal  system  has  had  a  very  prolonged  history,  and 
that  the  ancestral  sun  played  its  part  in  it  as  the  solar  system  does 
now. 

The  contingencies  of  stellar  collision. — ^There  are  probably  at  least 
100,000,000  Sims  in  the  present  sidereal  galaxy,  and  these  are  moving, 
so  far  as  now  determined,  in  various  directions  and  at  various  velocities, 
much  like  the  molecules  of  an  exceedingly  tenuous  gas.  Besides  these 
suns,  there  is  possibly  even  a  larger  mrniber  of  dark  bodies  asso- 
ciated with  them  as  extinct  suns,  planets,  planetoids,  and  satellites. 
It  would  be  strange,  therefore,  if  there  were  not  occasional  collisions, 
especially  in  the  more  crowded  portions,  as  in  the  Milky  Way,  how- 
ever rare  these  might  be  relatively.  It  is  in  or  near  the  Milky  Way 
that  new  stars  appear,  and  also  there  that  the  free-molecular  nebulae 
chiefly  abound.  This  coincidence  of  distribution  obviously  does  not, 
of  itself,  carry  so  broad  a  conclusion  as  that  the  new  stars  and  the 
free-molecular  nebulsB  necessarily  arise  from  collision;  but  the  con- 
tingency of  collision,  when  such  a  multitude  of  bodies  are  moving 
in  such  diverse  ways,  can  scarcely  be  questioned,  notwithstanding 
the  vast  distances  involved  and  the  consequent  smallness  of  the  con- 
tingency for  a  given  body  within  a  limited  time.  But  to  the  phenomena 
of  collision  no  appeal  is  here  made,  except  as  a  part  of  a  consistent 
conception  of  the  whole  group  of  associated  phenomena. 

The  contingencies  of  close  approach. — If  there  are  contingencies  of 
actual  collision  between  stars,  there  must  be  much  larger  possibil- 
ities of  their  close  approach  to  one  another  and  to  dark  bodies. 
Celestial  bodies  possess  velocities  inherited  from  past  states,  and  veloci- 
ties due  to  the  existing  attraction  of  other  bodies,  so  that  close  approach 
is  assignable  in  part  to  the  crossing  of  predetermined  paths,  and  in 
part  to  the  mutual  attraction  of  the  great  bodies  themselves.  The 
contingencies  of  collision  and  of  close  approach  arising  from  these  two 
factors  follow  different  laws.  Considering  inherited  motions  alone, 
the  contingencies  of  collision  are  greatest  when  the  velocities  are 
highest  and  the  bodies  thickest.  The  contingencies  of  close  approach 
by  mutual  gravity  are  greatest  when  previously  acquired  velocities 
are  least  and  conflicting  attractions  are  fewest  and  feeblest.  It  is 
obvious  that  as  the  inherited  velocities  approach  infinity,  collision 
approaches  infinite  frequency,  while  gravitational  deflection  approaches 
the  infinitesimal.    On  the  other  hand,   if  inherited  velocities  were 
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reduced  to  zero,  gravitation  would  draw  a  finite  group  of  stars  directly 
together.  When  both  factors  are  present,  relative  freedom  from  col- 
lision and  disruptive  approach  lies  between  the  two  extremes.  A  numer- 
ical inquiry  *  leads  to  the  interesting  conclusion  that  most  of  the  existing 
velocities  lie  near  that  happy  medium  that  gives  fewest  catastrophes, 
from  which  the  inference  is  drawn  that  a  selective  process  has  removed 
most  of  the  bodies  of  dangerously  high  and  dangerously  low  velocities^  and 
has  left  those  possessed  of  the  relatively  safe  intermediate  velocities? 

If  all  stellar  motions  are  like  the  known  motions,  and  if  the  known 
stars  constitute  a  system  by  themselves,  a  uniform  velocity  cannot 
be  maintained  in  all  parts  of  the  stars'  courses,  nor  can  like  velocities 
prevail  in  all  portions  of  the  system.  The  velocities  must  be  highest, 
on  the  average,  when  a  star  is  traversing  the  interior  of  the  group,  and 
the  contingencies  that  attend  high  velocities  must  be  there  resident. 
The  inherited  velocities  must  be  presumed  to  be  lowest  on  the  outer 
borders  of  the  system,  where  the  constituent  bodies  reach  the  limit  of 
their  outward  excursions  and  turn  back,  under  the  gravity  of  the  sj'-stem, 
to  again  traverse  it.  This  at  least  seems  the  most  tenable  conception 
of  the  movements  of  the  members  of  the  stellar  system,  considered 
as  a  finite  group  of  bodies  possessed  of  the  known  motions  and  con- 
trolled by  the  known  forces.  The  alternative  conception  of  an  infinite 
extension  of  stars  is  beyond  treatment  here.  On  the  outer  borders, 
therefore,  mutual  attraction  is  assumed  to  be  relatively  more  potential 
than  in  the  central  portions.  But,  as  some  residual  motion  derived  from 
previous  excursions  is  even  there  retained,  and  as  a  part  of  this  is  almost 
inevitably  tangential,  close  approaches  rather  than  collisions  are  the 
disturbing  contingencies  indicated. 

In  this  outer  portion  also,  the  paths  assigned  the  stars  are  more 
nearly  parallel^  because  all  are  approximately  parallel  to  the  surface  of 
the  stellar  sphere  at  their  turning-points,  and  hence  such  inherited 
energies  as  the  bodies  possess  oppose  less  resistance  to  the  approach  of 
the  bodies  to  one  another,  for  it  is  only  when  the  motions  are  in  opposite 
or  transverse  dh-ections  that  their  kinetic  energies  resist  gra\dtative 
approach. 

*  Made  by  the  senior  author  in  cooperation  with  F.  R.  Moulton  and  C.  E.  Sieben- 
thal. 

'  There  are,  however,  a  number  of  stars  with  great  enough  velocities  to  carry  them 
beyond  the  visible  system,  even  after  allowing  liberally  for  dark  bodies  (Moulton), 
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In  harmony  with  this  conception  is  the  fact  that  the  known  spiral 
nebulae  are  distributed  on  the  sides  of  the  supposed  stellar  disk  or  flat 
spheroid  of  which  the  Milky  Way  is  the  assigned  equatorial  girdle. 
If  spiral  nebulae  occiu-  on  the  outer  border  of  the  Milky  Way,  as  our 
view  seems  to  imply  that  they  should,  they  are  doubtless  beyond  the 
limits  of  distinct  vision. 

Whatever  may  be  the  value  of  this  particular  view  of  the  causes  of 
close  approach,  it  is  a  consistent,  if  not  necessary,  assumption  that, 
in  a  multitudinous  stellar  system  characterized  by  diverse  rates  of 
motion  in  diverse  directions,  close  approaches  of  sims  to  one  another 
are  contingencies  likely  to  be  realized  in  fact. 

The  special  consequences  of  close  approach. — Our  present  sun 
shoots  out  protuberances  to  heights  of  many  thousands  of  miles,  at 
velocities  ranging  up  to  300  miles  and  more  per  second.  If  it  were 
not  for  the  retarding  influence  of  the  immense  solar  atmosphere,  some 
of  these  outshoots  would  doubtless  project  portions  of  themselves  to  the 
outer  limits  of  the  present  system,  and  perhaps,  in  some  cases,  quite 
beyond  it,  for  the  observed  velocities  sometimes  closely  approach  the 
controlling  limit  of  the  sun's  gravity,  if  they  do  not  actually  reach  it.* 
This  illustrates  the  enormous  explosive  elasticity  resident  in  the  sun's 
interior.  The  expansive  potency  of  this  prodigious  elasticity  is  held  in 
restraint  by  the  equally  prodigious  power  of  the  sun's  gravity. 

If,  with  these  potent  forces  thus  nearly  balanced,  the  sun  closely 
approaches  another  sun,  or  body  of  like  magnitude,  possibly  one  several 
times  the  mass  of  the  sim,  since  the  sun  is  regarded  as  a  small  star,  the 
gravity  which  restrains  this  enormous  elastic  power  will  be  reduced 
along  the  line  of  mviual  aMraction,  on  the  principle  made  famiUar  in  the 
tides.  At  the  same  time  the  pressure  transverse  to  this  line  of  relief 
will  be  increased.  Such  localized  relief  and  intensified  pressure  must 
bring  into  action  corresponding  portions  of  the  sun's  elastic  potency, 
resulting  in  protuberances  of  corresponding  mass  and  high  velocity. 

Dynamic  considerations  seem  to  make  it  clear  that  the  sun  might 

*  A  body  falling  from  infinity  to  the  sun's  surface,  and  thus  acquiring  the  maxi- 
mum velocity  which  the  aim's  attraction  can  give  to  it,  would  strike  the  sun's  sur- 
face at  382  miles  per  second,  which  is  technically  known  as  "the  velocity  from  infinity." 
or  the  " parabolic  velocity,"  since  a  body  shot  from  the  sun  with  this  velocity  would 
take  a  parabolic  path  and  never  return.  This,  therefore,  represents  the  nxaximum 
power  of  control  of  the  sun,  and  the  velocity  of  some  protuberances  is  nearly  equal 
to  it. 
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even  thus  be  wholly  disrupted,  if  the  body  to  which  it  approached 
were  much  superior  to  it  in  mass  and  the  approach  were  very  close. 
Roche  long  ago  demonstrated  that  the  differential  attraction  of  a 
large  body  upon  a  smaller  one  revolving  about  it,  was  competent  to 
disrupt  it  at  an  appreciable  distance,  as  previously  stated  (p.  34). 
In  a  body  whose  elasticity  nearly  matches  its  gravity,  it  is  not  necessary 
that  the  Roche  limit  should  be  actually  invaded  before  disruptive 
phenomena  of  a  high  order  of  intensity  and  magnitude  would  take 
place.    A  more  distant  approach  would  suffice. 

Exceptional  protuberances  developed  on  opposite  sides  by  close  ap- 
proach.— According  to  the  well-known  tidal  principle,  these  exceptional 
protuberances  would  rise  from  opposite  sides,  and  herein  lies  the  assigned 
explanation  of  the  prevalence  of  two  diametrically  opposite  arms  in 
the  spu*al  nebulae. 

The  demands  on  protuberant  action  not  severe.  —  The  present 
planets  and  their  satellites,  all  together,  amoimt  to  about  one  seven- 
hundredth  part  of  the  mass  of  the  system.  Simply  to  supply  the 
required  planetary  matter,  the  protuberances  need  include  but  this 
small  fraction  of  the  ancestral  sim;  but  some  considerable  part  of 
the  projected  matter  must  probably  have  been  gathered  back  into 
the  sun,  and  some  part  may  possibly  have  been  projected  beyond 
the  control  of  the  system.  Making  allowances  for  both  these  factors, 
the  proportion  of  the  sun's  mass  necessarily  involved  in  the  protuber- 
ances is  still  very  small.  Apparently  one  or  two  per  cent,  of  the  sun's 
mass  would  amply  suffice. 

The  acquisition  of  rotatory  motion. — ^The  protuberances,  by  hy- 
pothesis, would  be  thrust  out  as  the  sun  and  the  passing  star  were 
swinging  about  their  common  center  of  gravity  in  curves  more  or  less 
sharp,  and  at  velocities  more  or  less  prodigious,  according  to  their 
relative  distances.  That  protuberance  which  was  shot  from  the  sun 
toward  the  star  would  be  drawn  forward  by  the  star  in  the  direction  of 
its  movement,  with  a  power  inversely  proportional  to  the  square  of  the 
distance.  The  protuberance  shot  in  the  opposite  direction  woald  be 
attracted  by  the  star  also,  but  owing  to  its  greater  and  constantly 
increasing  distance,  in  a  very  greatly  less  degree,  in  accordance  with  the 
same  law.  The  sun  at  an  intermediate  distance  would  be  attracted 
in  an  intermediate  degree.  With  reference  to  the  sun,  therefore,  the 
two  protuberances  would  move  in  opposite  directions,  and  their  motions 
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relative  to  it  would  be  revolutionary.  To  follow  out  even  approximately 
the  actual  motions  of  the  sun  and  the  protuberances  in  a  given  case  of 
this  kind  is  extremely  difficult  and  laborious. 
It  is  obvious,  furthermore,  that  in  any  given 
instance  a  succession  of  protuberances  follow- 
ing one  another  at  dififerent  stages  of  ap- 
proach must  probably  have  taken  place,  and 
hence  the  formation  of  a  nebula  presents  a 
series  of  such  extremely  difficult  problems. 
Dr.  Moulton  has  worked  out  the  selected  case 
of  two  opposite  protuberances,  in  which  the 
mass  of  the  passing  star  is  assmned  to  be 
equal  to  that  of  the  sun,  and  the  protuber- 
ances are  assumed  to  be  shot  out  to  twice 
the  star's  perihelion  distance  (Fig.  22).  It 
is  further  obvious  upon  consideration  that 
the  number  of  possible  cases  that  might  arise 
from  the  varying  ratios  of  the  masses  and 
from  the  varying  distances  of  their  approach, 
is  very  large,  and  that  immense  labor  is  in- 
volved in  covering  the  whole  ground  and  find- 
ing out  what  cases  are  applicable  to  the 
problem  of  the  solar  nebula,  but  in  the  course 
of  the  series  now  being  worked  out  under  the 
direction  of  Dr.  Moulton,  it  is  hoped  that  a 
close  approximation  to  the  solar  nebula  may 
be  foimd,  a  hope  which  seems  to  be  war- 
ranted by  the  results  thus  far  obtained. 
Analytical  considerations  have  seemed  to 
show  that  if  the  disturbing  star  were  equal 
to  or  more  massive  than  the  sim,  and  were 
to  pass  very  near  to  it,  a  large  portion  of  the 
Sim  would  be  dispersed  with  great  velocity, 
and  the  resulting  nebulae  would  probably  re- 
semble those  immensely  expanded  ones  which  are  chiefly  represented 
in  the  foregoing  iQustrations.  A  more  distant  approach  in  which  the 
protuberances  are  small  relative  to  the  mass  of  the  sun  seems  to  be 
more  in  consonance  with  the  demands  of  the  solar  problem.    It  will  be 


Fig.  22. — Diagram  illustrating 
the  courses  pursued  by  par- 
ticles, P  and  P*,  shot  out 
from  the  sun,  S,  on  opposite 
sides  under  the  disturbing 
influence  of  a  pacing  star, 
S\  when  at  the  position  «S/. 
The  successive  positions  of 
the  disturbing  star  are  in- 
dicated by  ^/,  ^/  .  .  .  S/, 
assumed  at  successive  time- 
intervals.  When  <S'wasat 
the  position  <S.',  the  par- 
ticles P  and  P'  were  shot 
out  from  S  with  velocities 
such  that  if  not  disturbed 
they  would  have  reached 
to  distances  twice  AS, 
P^...Pj  and  P^\..P/ 
are  the  successive  positions 
assumed  by  these  particles 
at  the  successive  times,  a-b 
is  the  acceleration  at  unit 
distance.  (After  F.  R. 
Moulton.) 


58  GEOLOGY, 

observed  that  the  curves  in  Fig.  22  are  of  the  general  order  which  the 
case  requires. 

The  distribution  of  specific  gravities. — ^The  distal  portions  of  the 
protuberances  would  obviously  be  formed  from  the  superficial  por- 
tions of  the  sun,  while  the  later  portions  of  the  ejections  forming  the 
proximal  parts  of  the  arms  would  doubtless  come  mainly  from  lower 
depths,  and  hence  probably  contain  more  molecules  of  high  specific 
gravity.  In  this  seems  to  lie  a  better  basis  for  explaining  the  extraor- 
dinary lightness  of  the  outer  planets,  and  the  high  specific  gravities 
of  the  inner  ones,  than  in  the  separation,  from  the  extreme  equatorial 
surface  of  a  gaseous  spheroid,  of  successive  rings  whose  mass  never 
equaled  the  one-thousandth  part  of  the  original  nebula. 

Successive  partial  outbursts. — It  seems  consistent  with  the  con- 
ditions of  the  case  to  assume  that  the  protuberances  would  consist 
of  a  succession  of  more  or  less  irregular  outbursts,  as  the  ancestral 
Sim,  in  its  swift  whirl  around  the  controlling  star,  was  more  and  more 
afifected  by  the  latter's  differential  attraction;  and  hence  the  pro- 
tuberances would  be  directed  in  somewhat  changing  courses,  and 
would  be  pulsatory  in  character,  resulting  in  rather  irregular  and  some- 
what divided  arms,  and  in  a  knotty  distribution  of  the  ejected  matter 
along  the  arms.  These  knots  must  probably  be  more  or  less  rotatory 
from  inequalities  of  projection. 

The  result  a  spiral  nebula. — It  is  thus  conceived  that  a  spiral  nebula, 
having  two  dominant  arms  on  opposite  sides,  each  knotty  from  irregu- 
lar pulsations,  and  rotatory,  the  knots  probably  also  rotatory,  and 
attended  by  subordinate  knots  and  whirls,  together  with  a  general 
scattering  of  the  larger  part  of  the  mass  in  irregular  nebulous  form, 
would  arise  from  the  simple  event  of  a  close  approach. 

Theoretical  diagram  of  the  solar  nebula. — On  the  basis  of  the  fore- 
going considerations,  there  is  herewith  presented  a  theoretical  restora- 
tion of  the  solar  nebula  (Fig.  23).  The  purpose  of  this  is  to  give  a 
definite  conception  of  the  favored  phase  of  the  planetesimal  hypoth- 
esis— ^not  to  enforce  its  correctness  or  acceptance.  On  the  con- 
trary, the  frank  concreteness  it  gives  to  the  conception  facilitates 
criticism,  and  invites  modification  by  future  study. 

The  passage  of  the  molecules  from  the  free  to  the  aggregated  state. — 
The  ejected  matter,  at  the  outset,  must  have  been  in  the  free  molecular 
state,  since  by  the  terms  of   the  hypothesis  it  arose  from  a 
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eous  body;  but  the  vast  dispersion  and  the  enormous  surface  exposed 
doubtless  quickly  reduced  the  more  refractory  portions  to  the  Uquid 
and  solid  state,    attended  by  some  degree  of  aggregation  into  small 


Fio.  23. — ^Theoretical  restoration  of  the  parent  nebula  of  the  solar  system.  The 
nuclei  of  the  several  planets  may  be  indentified  by  their  distances  from  the  center. 
The  dimensions  of  the  inner  parts  are  made  disproportionately  large. 

accretions;  hence  the  continuous  spectrum  which  this  class  of  nebulae 
present. 

Nebular  Itiminescence. — ^The  problem  of  the  luminescence  of  nebulae 
i.s  confessedly  a  puzzling  one.  There  is  little  ground  for  assigning 
general  incandescence  to  matter  so  obviously  scattered  and  tenuous, 
and  possessed  of  such  enormous  radiating  surface.  The  assignment 
of  the  light  to  collisions  of  meteorites,  as  has  been  done  by  Lockyer, 
encounters  both  dynamic  and  spectroscopic  difficulties.  The  recent 
discoveries  of  the  luminescent  properties  of  radio-active  matter,  and 
of  its  power  to  awaken  luminescence  in  other  matter,  offers  hope  of 
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a  solution.  The  fact  that  these  properties  are  not  necessarily  depend- 
ent on  heat  greatly  relieves  the  stress  of  the  problem.  Whatever  of 
radio-active  material  there  might  be  in  the  matter  dispersed  into 
nebulous  form  would,  by  such  dispersion,  be  set  free  for  action,  and 
whatever  other  matter  was  subject  to  its  excitation  would  also  be  set 
free  to  receive  the  exciting  influence. 

The  solution  of  the  problem  may,  however,  lie  along  electrical 
lines.  At  present  it  seems  more  probable  that  the  luminescence  arises 
from  some  agency  that  acts  at  low  temperatures  than  that  it  is  depend- 
ent on  heat,  and  hence  objections  to  a  planetesimal  organization  on 
the  ground  of  low  temperature  cannot  have  much  force. 

The  assigned  nebular  origin  not  vital. — Whether  the  particular 
mode  of  origin  of  the  spiral  nebula  just  sketched  be  true  or  not,  is  not 
vital  to  the  planetesimal  hypothesis.  It  is  offered  as  a  definite  genetic 
picture  and  as  a  contribution  to  the  natural  demand  for  a  conceivable 
mode  of  genesis.  It  is  only  vital  to  the  planetesimal  hypothesis,  as 
here  developed,  that  the  scattered  nebular  material  shall  revolve 
aroimd  the  central  mass  in  elliptical  orbits,  and  this  may  perhaps 
be  sufficiently  implied  by  the  forms  of  the  spiral  nebula?  without  rais- 
ing the  question  of  their  origin.  It  is  true  that  their  forms  have  been 
interpreted  as  implying  streams  of  in-running  matter  following  spiral 
courses,  but  a  system  of  dynamics,  on  known  principles  and  consist- 
ent with  known  conditions,  has  never  been  worked  out  for  such  a 
process,  so  far  as  we  are  aware,  and  it  is  not  evident  how  it  could  be. 

As  a  basis  for  following  onward  the  evolution,  two  simple  assumj>- 
tions  only  are  necessary,  (1)  that  the  nebular  matter  of  the  spiral  is  in 
a  finely  divided  solid  or  liquid  condition,  as  the  continuous  spectrum 
implies,  and  (2)  that  the  particles  of  this  scattered  material  revolve  in 
elliptical  orbits  about  the  central  mass. 

The  evolution  of  the  nebula  into  planets. 

The  three  essential  factors. — The  knotty  spiral  form  of  the  nebula 
gives  ground  for  recognizing  three  factors  as  the  chief  participants  in 
the  evolution  into  a  planetary  system,  (1)  the  central  mass  (to  become 
the  sun),  (2)  the  knots  (to  become  the  nuclei  of  the  planets),  and  (3) 
the  diffuse  nebulous  matter  (to  be  added  to  the  nuclei  to  form  the 
planets  or  to  be  added  to  the  sun).  Fitting  the  conception  to  the  special 
case  of  the  solar  nebula,  the  present  distribution  of  mass  and  energy 
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warrant  the  assumptions  that  (1)  the  central  mass  was  overwhelmingly 
large,  (2)  the  knots  were  quite  irregular  in  size  and  very  unequal  in 
distance  from  the  center,  and  (3)  the  nebulous  part  was  small  relative 
to  the  central  mass,  and  probably  large  relative  to  the  knots.  Reasons 
for  the  last  conclusion  will  be  given  later. 

The  attractive  powers  of  the  knots  and  their  limitations. — It  is 
assumed  that  the  masses  of  matter  in  the  knots  were  sufficiently  large 
to  hold  themselves  together  in  spite  of  the  differential  attraction  of  the 
central  mass;  otherwise  they  would  soon  have  been  scattered.  They 
seem  to  have  successfully  maintained  themselves  in  nebulse  that  appear 
to  have  undergone  some  notable  degree  of  evolution,  as  for  example 
the  knots  shown  near  the  large  central  nucleus  in  Fig.  13. 

On  the  other  hand,  it  is  presumed  that  the  gravity  of  the  more  tenu- 
ous nebular  matter  was  insufficient  to  aggregate  it  directly,  in  the 
presence  of  the  central  attraction,  for  this  portion  seems  to  show  a 
progressive  tendency  to  a  more  general  diffusion,  as  may  be  seen  by 
comparing  the  cloudy  flocculent  distribution  of  the  nebulous  matter 
in  Fig.  12,  whose  form  implies  that  it  is  young  in  evolution,  with  the 
more  diffuse  distribution  in  Figs.  15,  17,  18,  and  21,  whose  central 
coilings  imply  more  advanced  states  of  evolution.  The  planetesimals 
of  this  diffuse  nebulous  portion  are,  therefore,  assumed  to  be  controlled 
essentially  by  the  gravitation  of  the  main  mass,  and  to  revolve  in  indi- 
vidual orbits  about  it. 

The  irregtdarity  of  the  forms  of  the  knots  seems  to  imply  that 
their  organization  is  also  planetesimal,  though  the  larger  ones  may  be 
able  to  hold  gases  also.  The  direction  of  revolution  of  these  knots  is 
supposed  to  be  usually  the  same  as  that  of  the  rotation  of  the  nebula 
as  a  whole,  but  subject  to  local  and  special  influences  that  might  lead 
to  important  variations. 

The  knots  the  planetary  nuclei. — The  knots  of  the  solar  nebula 
are  regarded  as  the  nuclei  about  which  gathered  the  planetesimals  to 
form  the  futm-e  planets;  not  that  all  such  nuclei  necessarily  retained 
their  independence  and  grew  to  planets,  but  that  no  planet  probably 
developed  except  from  such  a  nucleus.  The  figures  already  presented 
fFigs.  12-21)  show  clusters  of  knots  and  aggregates  of  irregular  form 
susceptible  of  development  into  complex  planetary  systems,  such  as  the 
large  planets  and  their  families  of  satellites.  The  earth-moon  system 
is  assigned  to  a  couplet  of  companion  nuclei  of  quite  imequal  sizes. 
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The  sizes  of  the  nuclear  masses. — If  the  present  planets  have  grown 
from  these  nebular  nuclei,  the  greatness  of  their  growth  is  measured 
by  the  smalbiess  of  the  primitive  nuclear  masses.  The  amount  of 
such  accretion  is  a  matter  of  geologic  interest,  for  it  is  fundamentally- 
related  to  many  dynamical  questions  of  the  earth's  later  history. 
There  are  two  considerations  that  bear  upon  the  size  of  the  original 
nuclei. 

1.  There  is  a  certain  inherent  and  necessary  limitation  to  the  size 
of  scattered  or  tenuous  bodies  in  the  presence  of  more  massive  bodies. 
The  principle  involved  is  one  of  vital  importance  in  the  study  of  planet- 
ary evolution.  Within  the  field  of  the  effective  attraction  of  a  domi- 
nant body  like  the  sun,  or  the  ancestral  nebular  center,  small  bodies 
exercise  differential  gravitative  control  over  a  limited  sphere  only, 
known,  technically,  as  the  "sphere  of  activity."  This  sphere  for  the 
earth,  with  its  present  masSy  reaches  out  about  620,000  miles.^  If 
the  earth  has  grown  at  all,  its  primitive  sphere  of  control  must  have 
been  smaller  than  this.  The  earth  nucleus  could,  therefore,  only 
have  embraced  such  matter  as  lay  within  this  limited  sphere.  If 
the  original  knot  could  be  supposed  to  have  extended  beyond  this  limit, 
the  outlying  portion  would  have  been  drawn  away  by  the  solar  mass 
into  independent  planetesimals,  and  must  have  been  gathered  in,  if 
it  became  a  part  of  the  earth,  by  some  other  means  than  direct  attrac- 
tion. The  moon  controls,  as  against  the  attraction  of  the  earth  at  its 
present  distance,  a  sphere  whose  radius  is  about  25,000  miles;  and 
considerably  less  than  25,000  miles  as  against  the  joint  attraction  of 
the  earth  and  sun.  Its  primitive  nucleus,  if  it  has  grown  at  all,  was 
confined  to  smaller  dimensions.  Attenuated  nuclei  of  indefinite  size 
cannot,  therefore,  be  supposed  to  maintain  themselves  permanently 
in  the  fields  of  attraction  dominated  by  larger  bodies.  Bodies  of  gas, 
subject  to  the  dispersive  effects  of  their  own  molecular  velocities,  in 
addition  to  the  competitive  gravity  of  dominant  bodies,  have  still 
narrower  limits,  and  below  a  certain  mass  are  inevitably  dispersed. 
In  such  a  system  as  ours,  gases  must,  for  the  most  part,  either  join 
themselves  to  the  dominant  bodies  or  be  scattered  into  molecular 
planetesimals.  None  of  the  smaller  knots  of  the  solar  nebula  could 
probably  have  been  gaseous  in  any  large  measure.  Gases  were  probably 
attached  to  and  occluded  in  the  aggregated  or  solid  planetesimals,  and 

»  "The  Spheres  of  Activity  of  the  Planets,"  Moulton,  Pop.  Astro.,  No.  66.  p.  4. 
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^  may  have  been  held  in  a  free  gaseous  state  m  the  mteriors  of  the  larger 
nuclei.  The  sun  is  of  course  presumed  to  have  been  gaseous  through* 
out  the  evolution. 

2.  Quite  a  definite  indication  of  the  size  of  the  nuclei  of  the  planets 
may  perhaps  be  deduced  from  the  very  remarkable  fact  that  Phobos, 
the  inner  satellite  of  Mars,  revolves  around  the  planet  in  less  than 
one-third  of  the  time  of  the  planet's  rotation,  and  from  the  analogous 
fact  that  the  little  bodies  which  make  up  the  inner  part  of  the  inner 
ring  of  Saturn  revolve  about  that  planet  in  a  Uttle  more  than  one-half 
the  time  of  the  planet's  rotation.*  These  are  exceedingly  troublesome 
facts  from  the  view-point  of  the  Laplacian  hypothesis,  for  imder  it 
the  contraction  of  these  planets,  after  they  had  shed  their  secondaries, 
should  have  greatly  accelerated  their  rotations,  and  these  should  have 
become  much  shorter  than  the  revolutions  of  the  secondaries.  Before 
Moulton's  citation  of  the  second  case,  an  attempt  was  made  to  explain 
the  case  of  Phobos  by  a  supposed  tidal  retardation  of  the  planet's 
rotation,  but  the  Saturnian  case  appears  to  render  this  explanation 
incompetent.2 

Under  the  hypothesis  of  growth  from  a  nucleus  by  the  addition 
of  planetesimals,  the  rotations  of  the  planets  were  dependent  largely 
on  the  special  phases  of  the  impacts  of  the  infalling  planetesimals, 
and  no  necessary  relations  between  the  rotation  of  a  planet  and  the 
revolution  of  its  satellite  are  assignable.  But  if  this  be  neglected,  and 
the  rotation-period  of  the  planetary  nucleus  be  assumed  to  have  been 
originally  the  same  as  the  revolution-period  of  the  satellites'  nucleus, 
the  growth  of  the  mass  of  the  planet  must  have  drawn  the  satellite  nearer  to 
itself,  and  shortened  the  time  of  its  revolution. 

If  the  whole  of  the  periodic  difference  between  Mars  and  Phobos 
be  due  to  this  cause,  the  growth  of  the  nucleus  of  Mars  is  deducible 
from  it.  Under  this  view,  the  matter  of  the  rings  of  Saturn  may 
have  been  satellite  nuclei  at  the  outset,  and  have  been  drawn 
within  the  Roche  limit  by  the  growth  of  Saturn,  and  then  disintegrated 
by  tidal  action  and  distributed  into  the  ring  form.  All  other  satellites 
should,  xmder  this  view,  have  been  drawn  towards  their  primaries 

■  For  a  discussion  of  these  phenomena,  see  "  An  Attempt  to  Test  the  Nebular 
H3rpotheBi8  by  an  Appeal  to  the  Laws  of  Mechanics/'  Moulton,  Astrophys.  Jour., 
1900,  p.  109. 

'  See  Moulton's  discussion,  loc.  cit.,  pp.  109,  110. 
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during  the  growth  of  the  latter,  and  this  may  be  a  not  unimportant 
factor  in  their  evolutionary  history. 

The  concurrent  bearings  of  these  two  considerations  are  quite  in 
harmony  with  what  might  be  gathered  independently  from  a  com- 
parison of  the  apparent  amounts  of  matter  in  the  nebular  knots  with 
the  amoimts  in  the  nebular  haze.  It  will,  therefore,  be  assumed,  in 
our  further  study,  that  the  nuclei  constituted  only  a  small  portion  of 
the  mass  of  the  grown  planets.  The  fraction  was  probably  larger 
proportionately  for  the  small  planets  than  for  the  large  ones,  for 
the  power  of  growth  probably  rose  with  increased  mass  in  geometrical 
ratio.  In  the  case  of  the  asteroids  and  satellites  the  growth  may  not 
have  been  large. 

The  mode  of  accretion. 

The  nature  of  the  planetesimal  motions. — ^The  gathering  of  the 
planetesimals  to  the  nuclei  to  form  the  planets  is  assigned  essentially 
to  conjunctions  in  the  com-se  of  their  orbital  motions,  not  to  simple 
gravitation,  except  as  gravitation  was  the  fimdamental  cause  of  the 
orbital  motions.  The  nature  of  the  primary  motions  is,  therefore,  a 
first  consideration.  The  combination  of  outward  and  rotatory  motion 
to  which  the  formation  of  the  nebula  is  assigned,  while  giving  a  spiral 
form  to  the  whole,  at  the  outset,  is  believed  to  have  given  to  each 
individual  planetesimal  an  elliptical  orbit  about  the  common  center.  If, 
recurring  to  our  hypothesis  of  the  origin  of  the  spiral,  the  outward  and 
the  tangential  impulses  had  been  duly  balanced,  circular  orbits  would 
have  resulted;  but  neither  theory  nor  observation  make  it  probable  that 
this  was  often  the  case.  The  inevitable  inequalities  of  the  two  com- 
ponents should  give  ellipses  varying  in  eccentricity  with  every  varia- 
tion in  their  relations.  As,  however,  both  the  outward  and  the  rotatory 
components  sprang  from  the  same  source — the  gravitative  disturbance 
induced  by  the  approach  to  a  massive  star — ^there  is  reason  to  think 
that  they  would  not  be  extremely  unequal,  and  that  the  resulting  eccen- 
tricities, though  large,  would  not  be  excessive.  This  view  is  in  accord 
with  the  forms  of  the  spiral  nebula?.  These  do  not  present  spirally 
symmetrical  configurations  of  the  strictly  circuloid  type,  but  broadly 
elliptical  ones,  with  irregular  elements.  The  development  of  the 
present  almost  circular  configuration  of  the  solar  system  out  of  such 
a  broadly  elliptical,  somewhat  irregular,  spiral  configuration  involves 
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an  evolution  in  the  direction  of  circularity  and  symmetry,  in  the  course 
of  the  aggregation  of  the  scattered  matter.  The  method  will  be  pres- 
ently indicated. 

The  part  played  by  ellipticity  of  orbit. — ^The  ellipticity  of  the  orbits 
is  the  very  factor  that  furnishes  the  assigned  agency  of  aggregation, 
and  of  this  progressive  evolution  towards  circularity  and  symmetry. 
In  the  initial  stages,  the  ellipses  of  the  nuclei  and  of  the  innumerable 
planetesimals  were,  by  reason  of  their  common  origin,  rudely  concentric. 
They  'were,  to  be  sure,  more  or  less  discordant  in  form  and  in  attitude 
from  the  effects  of  unequal  projection,  of  differential  expansion  of  the 
solar  matter  when  set  free  by  projection,  and  of  the  collisions  of  the 
constituent  planetesimals;  but  all  of  this  was  subordinate  to  a  general 
concentric  arrangement  of  the  elliptical  paths.  Under  the  laws  of 
celestial  mechanics,  these  paths  must  have  been  constantly  modified 
by  the  different  attractions  of  the  different  portions  of  the  nebula. 
The  axes  of  the  orbits  must  have  shifted,  the  attitudes  of  their  orbital 
planes  must  have  varied,  and  their  eccentricities  must  have  been 
ifiodified.  It  will  suffice  to  consider  the  shifting  of  the  major  axes  of 
the  orbits,  technically  "the  motion  of  the  line  of  apsides,"  as  that  is 
the  most  vital  factor  in  the  process  of  aggregation. 

So  long  as  the  major  axes  of  the  orbits  were  essentially  parallel 
to  one  another,  as  A  and  B  in  Fig.  24,  the  bodies  would  remain  apart 
and  aggregation  be  prevented;  but  when  they  became  shifted  differ- 
entially to  the  positions  A'  and  B',  the  orbits  would  touch,  and  con- 
jimction  be  possible,  if  the  orbital  planes  were  appropriately  related 
to  one  another. 

The  shifting  of  the  lines  of  apsides  is  in  constant  progress  in  the 
present  system,  and  must  of  necessity  take  place  in  any  such  system, 
as  the  laws  of  celestial  mechanics  require  it.  The  shifting  is  differ- 
ential and  subject  to  various  perturbations,  involving  alternate  move- 
ment forward  and  backward,  but  the  average  result  is  an  advance.^ 
At  present  the  line  of  apsides  of  quickest  revolution  is  that  of  Saturn, 
which  completes  its  circuit  in  67,000  years,  roimdly  speaking,  while 
that  of  Neptune  requires  540,000  years,  and  that  of  the  earth  a  little 
more  than  100,000  years.^  In  the  course  of  time,  the  major  axis  of 
each  orbit  is  thrown  athwart  that  of  its  neighbors,  and  whenever  the 

'Celestial  Mechanics,  Moulton,  p.  245. 
'  Young's  General  Astronomy,  p.  313. 
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longer  axis  of  the  smaller  orbit  is  equal  to  the  shorter  axis  of  the  larger 
orbit,  and  the  planes  of  the  orbits  are  properly  related,  collision  is 
rendered  contingent.  Actual  collision  is  dependent,  of  course,  upon 
the  bodies  reaching  the  crossing  of  their  paths  at  the  same  time.  The 
planes  of  the  planetary  orbits  now  lie  near  to  one  another  and  are 
presumed  always  to  have  done  so.    These  planes,  though  not  necessarily 


Fio.  24. — ^Diagram  of  a  smaller  orbit,  B,  lying  within  and  parallel  to  a  larger  orbit, 
A,  both  having  a  common  focus,  S\  the  absence  of  the  conditions  of  conjunction 
is  obvious  so  long  as  they  retain  this  relation  even  approximately,  but  when  they 
shift  differentially  to  the  positions  A'  and  B\  conjunction  is  made  possible,  if  the 
planes  are  properly  related.  If  the  orbit  A  were  to  shift  the  more  rapidly,  the 
effect  would  be  the  same. 

the  orbits,  intersect  one  another,  and  the  lines  of  intersection  are  shift- 
ing so  that  in  time  all  assignable  intersections  are  realized.  Under 
these  conditions,  the  mechanics  of  such  a  system  furnish  the  requisite 
contingencies  for  collisions  between  the  planetesimals  and  the  nuclei, 
if  sufficient  time  be  granted. 
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The  collisions  of  isolated  planetesimals  with  one  another  may  be 
neglected,  for  it  is  uncertain  whether  the  planetesimals  would  rebound 
from  one  another  or  would  unite;  probably  the  former  when  they 
were  highly  elastic,  and  the  latter  when  inelastic;  and  probably  much 
would  also  depend  on  their  velocities  and  their  modes  of  impact;  but 
in  any  case,  the  result  would  only  affect  the  size  and  number  of  the 
planetesimals.  The  important  consideration  is  the  impact  of  the 
isolated  planetesimals  upon  the  planetary  nuclei.  In  this  case  the 
usual  result  must  apparently  be  the  capture  of  the  planetesimals  by 
the  nuclei,  and  with  each  capture,  the  power  of  further  capture  would 
be  augmented. 

The  evolution  of  circularity. — ^When  two  bodies  in  concentric 
elliptical  orbits  imite,  their  conjoined  mass  must  move  in  an  orbit 
that  is  intermediate  between  the  two  previous  orbits,  and  this  new 
orbit,  in  all  cases  investigated,  is  less  eccentric  than  one  of  the  pre- 
vious orbits,  and  may  be  less  eccentric  than  both,  as  illustrated  in 
Figs.  25  and  26.  While  a  mathematical  demonstration  that  this  is 
imiversally  true  is  possible,  the  illustrations  suffice  to  show  that  it  holds 
for  most  normal  cases  falling  within  the  problem  in  hand.  It  follows 
that  the  union  of  an  indefinite  number  of  orbits  progressively  reduces 
the  resulting  orbit  toward  circularity.  In  application,  there  arises 
the  obvious  coroUarj''  that  the  planets  which  have  grown  most  have, 
in  general,  lost  most  of  their  primitive  eccentricity  and  those  that 
have  gro\^Ti  least  most  nearly  represent  the  original  eccentricity.  The 
significant  application  of  this  to  the  planets  of  the  solar  system  will 
appear  later. 

The  time  involved. — ^When  the  slowness  of  the  motion  of  the  line 
of  apsides,  and  the  only  partial  coincidence  of  the  planes  of  the  orbits, 
at  any  one  time,  are  duly  considered,  it  is  evident  that  the  contingen- 
cies of  collision  for  the  entire  number  of  planetesimals  will  be  spread 
over  a  protracted  period,  and  that  collisions  can  succeed  one  another 
rapidly  only  as  the  inmiensity  of  the  possible  number  insures  this. 
Individually,  the  chances  of  collision  are  remote  and  infrequent;  but 
as  the  numbers  involved  at  the  outset  were  prodigious,  the  impacts 
upon  a  given  nucleus  in  a  given  time  may  have  been  numerous.  In 
the  nature  of  the  case,  the  impacts  must  have  decUned  in  frequency 
after  the  greater  number  of  planetesimals  had  been  gathered  into 
the  nucleus. 
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The  bearings  of  the  rate  of  infall  on  temperature. — The  rate  of 
accretion  is  a  matter  of  radical  geologic  importance;  indeed,  it  is, 
in  some  measure,  the  most  critical  feature  of  the  whole  nebular  prob- 
lem; for  the  rate  of  accretion  determines  whether  the  average  tem- 
perature on  the  sm-face  of  the  growing  body  will  be  high  or  low.  The 
surface  temperature  is  not  determined  by  the  total  heat  produced  by 


Fio.  25. — ^Diagram  to  illustrate  the  tendency  toward  circularity  when  the  orbits  of 
the  uniting  bodies  have  concentric  positions.  The  two  bodies  revolving  in  the 
orbits  A  and  B,  and  uniting  at  Z>,  necessarily  take  an  intermediate  orbit,  C,  witli 
an  obvious  advance  toward  circularity.  In  less  simple  and  syomietrical  cases,  the 
result  is  less  obvious,  but  it  would  be  of  the  same  order  in  all  cases  involved  in  the 
problem  in  hand. 

the  collisions,  but  by  the  heat  "produced  in  a  given  time  which,  in  turn, 
is  determined  by  the  frequency  and  force  of  the  collisions  on  a  given  area. 
If  the  succession  of  collisions  on  a  given  square  mile  is  not  rapid  enough 
to  generate  heat  beyond  the  concurrent  radiation  from  the  square  mile, 
a  high  average  temperature  for  the  whole  cannot  be  reached,  how- 
ever great  the  sum  total  of  heat  generated  in  the  course  of  time.    It 


THE  ORIGIN  OF  THE  EARTH.  69 

is  to  be  noted  that  the  heat  generated  after  a  solid  nucleus  was  developed 
must  have  been  superficial,  and  hence  readily  radiated  away.  While 
the  nuclei  remained  assemblages  of  small  bodies,  perhaps  gaseous  in 
part  in  the  larger  ones,  planetesimals  from  without  may  have  pene- 


Fio.  26. — ^Diagram  to  illustrate  the  evolution  of  circularity  where  the  orbits  of  the 
uniting  bodies  are  as  far  as  possible  from  having  concentric  positions.  The  bodies 
in  the  orbits  A  and  B,  meeting  and  uniting  at  i),  necessarilv  take  an  intermediate 
orbit  C,  which  is  obviously  more  circular  than  either.  In  less  symmetrical  cases, 
the  tendency  would  be  of  the  same  order. 

trated  to  the  interior,  and  there  developed  heat  not  so  readily  lost. 
But  this  state  is  only  assignable  to  the  early  stages  of  growth. 

The  collisions  all  overtakes. — A  further  consideration  bearing  upon 
the  critical  subject  of  temperature  is  the  manner  of  collision.  Since 
all  the  planetesimals  and  planetary  nuclei  were  revolving  in  the  same 
direction  about  the  solar  mass,  the  collisions  were  all  overtakes,  and 
could  have  been  violent  only  to  the  extent  of  their  differences  of  orbital 
velocities,  modified  by  their  mutual  attractions.  Since  their  orbits 
were  elliptical,  their  velocities  varied  considerably  in  different  portions 
of  their  paths,  and  hence  overtake  collisions  of  considerable  velocity 
were  possible.  These  velocities  were,  however,  of  a  much  lower  order 
than  the  average  velocities  of  meteoritic  collisions.  Many  of  the 
overtakes  must  obviously  have  been  due  to  differences  of  velocity  barely 
sufficient  to  bring  about  an  overtake.  When  the  average  mildness  of 
impact  is  considered,  in  connection  with  the  intervals  between  impacts 
at  a  given  spot,  the  conviction  can  scarcely  be  avoided  that  the  sur- 
face  temperature  would  not  necessarily  have  been  high.    It  seems  prob- 
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able  that  it  would  have  been  moderate  throughout  most  of  the  period 
of  aggregation,  and  certainly  so  in  the  declining  stages  of  infall. 

The  bearing  of  the  mode  of  accretion  on  the  direction  of  planetary 
rotation. — ^We  have  now  reached  a  point  where  the  hypothesis  can  be 
tested.  It  happens  to  be  a  point  where  all  hjqjotheses  of  this  class 
have  been  supposed  to  be  fatally  at  fault.  The  crucial  feature  lies 
in  the  direction  of  rotation  which  would  result  from  the  gathering-in  of 
matter  in  this  way.  At  the  same  time,  the  bearing  of  the  discussion 
broadens,  for  this  vital  question  of  direction  of  rotation  attaches  to 
all  forms  of  aggregation  of  independent  bodies  moving  in  orbits  about 
the  common  center  of  a  system.  For  example,  if  the  evolution  of 
the  solar  system  be  supposed  to  start  with  a  gaseous  spheroid  of  the 
Laplacian  type,  and  to  proceed  in  the  manner  postulated  by  Laplace 
until  the  planetary  rings  were  formed,  and  if  then  the  velocities  of 
the  molecules,  resulting  from  mutual  impact,  carried  them  beyond  the 
gravitative  control  of  the  rings  so  that  they  were  scattered  and  re- 
volved independently  around  the  central  mass,  the  hypothesis  of 
their  aggregation  would  be  as  much  subject  to  the  test  of  rotation  as 
the  special  hypothesis  now  xmder  consideration.  So,  too,  if,  instead 
of  forming  definite  rings,  the  molecules  were  separated  from  the  sup- 
posed gaseous  spheroid,  one  by  one,  as  seems  more  probable  than 
separation  by  rings,  their  aggregation  is  equally  open  to  the  supposedly 
fatal  weakness.  So  indeed  is  the  concentration  of  any  kind  of  an 
assemblage  of  discrete  matter  in  which  the  individual  molecules  or 
aggregates  revolve  independently. 

The  lion  in  the  way — and  he  appears  to  have  turned  back  many  a 
pilgrim — is  as  follows:  In  a  ring  revolving  as  a  unity  as  the  Laplacian 
rings  are  supposed  to  have  done,  the  outer  part  moves  faster  than  the 
inner  part;  and  so,  if  a  planetary  ring  parts  at  its  weakest  point  and 
gathers  into  a  globe  about  the  center  of  its  cross-section,  it  will  rotate 
forward^  as  shown  in  Fig.  27.  If,  on  the  other  hand,  the  particles  of 
the  ring  revolve  independently,  the  inner  ones  must  move  faster  than 
the  outer  ones,  and  if  they  collect  about  the  middle  part,  it  has  been 
held  that  the  rotation  must  be  retrograde,  as  illustrated  in  Fig.  28.^ 

By  way  of  exception,  to  meet  the  singular  cases  of  Uranus  and 
Neptune,  it  has  been  suggested  that  if  the  matter  of  the  planetary 

*  For  ampler  statements  of  this  difficulty,  see  Faye,  "  Sur  rOrigine  du  Monde," 
pp.  165,  270-281,  1896.    Also  Young's  General  Astronomy,  pp.  618-20. 
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rings,  revolving  as  units,  happened  to  collect  about  some  point  other 
than  the  center  of  the  cross-section,  the  foregoing  conclusions  would 
not  hold,  but  if  the  matter  were  drawn  together  by  gravity  simply,  as 
usually  supposed  under  the  Laplacian  hjqjothesis,  it  is  not  evident  why 
it  should  not  collect  about  the  middle  part. 

Now  as  matter  of  fact,  the  six  inner  planets  and  their  satellites 
rotate  forward.    The  satellites  of  Uranus  revolve  backward  in  a  plane 


Fig.  27.  Fio.  28. 

Fig.  27. — RR  represents  a  rin^  of  gas  movinfl;  as  a  unit  and  hence  the  outer  portion 
the  faster.  If  converted  into  a  spheroid,  E,  centrally  located,  the  rotation  is 
forward,  as  shown  by  the  arrow. 

Fig.  28. — PP  represents  a  belt  of  planetesimals  revolving  concentrically  about  the 
center,  S.  Ii  these  collect  about  the  central  point  of  the  belt  into  a  spheroid,  E^ 
by  the  enlargement  of  the  inner  orbits  or  the  reduction  of  the  outer  ones,  the  con- 
centric arrangement  remaining,  the  rotation  will  be  retrograde,  as  shown  by  the 


inclined  82.2^  to  the  ecliptic;  those  of  Neptune  also  revolve  backward, 
in  a  plane  inclined  34.5°  to  the  ecliptic.  The  rotations  of  these  planets 
themselves  have  not  been  determined.  These  exceptional  inclina- 
tions and  revolutions  have  been  interpreted  as  very  oblique  or  partially 
overturned  revolutions.  Accepting  the  foregoing  premises,  the  prev- 
alence of  direct  rotation  has  been  regarded  as  strongly  confirmatory 
of  an  origin  from  gaseous  rings  rotatmg  as  units,  and  as  strongly 
adverse  to  accretion  from  bodies  revolving  independently.  The  force 
of  this  line  of  reasoning  has  apparently  been  felt  to  be  so  strong  as  to 
be  essentially  fatal  to  the  latter  conception.  It,  therefore,  requires 
critical  consideration. 

The  reasoning  is  good  for  the  special  case  cited,  that  of  a  symmetrical 
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ring  of  perfectly  circular  form,  in  which  the  inner  bodies,  in  uniting 
with  the  outer  ones,  axe  supposed  to  strike  their  inner  sides.  To  bring 
about  this  delicate  adjustment  systematically,  the  orbits  must  remain 
closely  concentric,  and  the  inner  ones  must  be  enlarged,  or  the  outer 
ones  be  reduced,  so  that  they  will  approach  concentrically  to  within 
the  sum  of  the  semi-diameters  of  the  bodies  to  be  united.  If  planet- 
esimals  were  arranged  in  strictly  circular  concentric  orbits,  and  were 
separated  from  one  another  at  the  distances  the  case  requires,  the 
mechanics  by  which  they  could  be  brought  into  this  special  mode  of 
collision  consecutively  is  not  evident,  and  has  not  been  explicitly 
pointed  out.  It  is  certain  that  their  union  into  a  spheroid  would  not 
be,  by  any  means,  the  simple  direct  and  rapid  process  usually  as- 
sumed.^ On  consideration  it  will  be  seen  that  the  postulated  case 
is  a  very  special  and  quite  artificial  one,  for  all  the  present  planetary 
orbits  are  elliptical,  and  are  by  no  means  strictly  concentric. 

It  becomes  evident,  on  studious  consideration,  that  in  any  case 
which  could  probably  arise  from  any  actual  antecedents,  the  planet- 
esimals  nrnst  have  had  elliptical  orbits;  for  even  if  they  arose  from  a 
gaseous  ring  of  the  Laplacian  tjrpe,  the  rebounds  of  the  molecules, 
as  they  collided  and  separated,  must  have  given  rise  to  non-concentric 
elliptical  orbits.  Even  in  this  case  the  eccentricities  must  probably 
have  been  many  million  times  the  sum  of  the  semi-diameters  of  the 
particles.  In  the  case  of  planetesimals  derived  from  a  spiral  nebula, 
the  orbits  are  necessarily  assigned  very  notable  eccentricities.  In  all 
these  cases,  the  most  available  mode  of  aggregation,  if  not  the  sole 
practicable  one,  lies  in  the  crossing  of  the  orbits  brought  about  by  the 
constant  shifting  of  their  major  axes,  as  already  set  forth. 

Now  a  planetesimal  in  a  smaller  elliptical  orbit  can  come  into  con- 
tact with  a  planetary  nucleus  m  a  larger  orbit  only  when  a  more  or 
less  aphelion  portion  of  its  orbit  coincides  with  a  more  or  less  perihelion 
portion  of  the  larger  orbit  of  the  nucleus,  and  a  planetesimal  in  a  larger 
orbit  can  come  into  contact  with  a  planetary  nucleus  in  a  smaller  orbit 
only  when  a  more  or  less  perihelion  portion  of  its  orbit  coincides  with 
a  more  or  less  aphelion  portion  of  the  nucleus  orbit,  as  shown  in  Fig.  29. 
To  illustrate  by  a  pronounced  case,  a  planetesimal,  P,  in  the  orbit  A  (Fig. 

*  This  has  been  discussed  mathematically  by  Moulton — **  An  Attempt  to  Test  the 
Nebidar  Hypothesis  by  an  Appeal  to  the  Laws  of  Dynamics,"  Astrophys.  Jour.  Vol. 
XI,  pp.  115-126.  1900. 
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Fio.  29. — Diagram  illustrating  the  condition  under  which  collisions  may  take  place 
in  ellipticu  orbits  of  the  planetary  type.  S  represents  the  solar  mass  at  the 
center  of  the  system,  E  the  planetary  nucleus,  B  its  orbit,  p  a  planet«simal  in 
the  orbit  A,  smaller  than  B,  and  P  a  planetesimal  in  the  orbit  C,  larger  than 
B.  The  case  has  been  so  chosen  as  to  represent  at  once  the  smallest  and  the 
largest  orbits  of  tvpical  eccentricity  that  can  come  into  contact  with  the  orbit  of 
the  i^anetarv  nucleus.  The  minimum  extreme  is  found  when  the  aphelion  point 
of  the  small  ellipse  A  coincides  with  the  perihelion  point  of  the  orbit  of  the 
planetary  nucleus  B,  In  no  other  position  can  the  orbit  A  touch  the  orbit  B. 
The  maximum  extreme  is  found  where  the  aphelion  point  of  B  coincides  with 
the  perihelion  point  of  C.  In  no  other  position  can  these  orbits  touch.  Be- 
tween these  limiting  phases,  represented  by  the  orbits  A  and  C,  there  are  an 
indefinite  number  of  possible  planetesimal  orbits  that  might  cut  the  orbit  B, 
but  in  all  cases,  except  where  the  orbits  were  like  B,  conjunction  could  arise 
only  when  a  more  or  less  aphelion  portion  of  an  inner  orbit  touched  or  crossed  a 
more  or  less  perihelion  portion  of  B,  If  the  orbits  were  equal,  the  velocities  at 
the  crossings  would  be  equal  and  the  rotating  effects  would  be  nil,  or  neutralized, 
and  if  they  were  nearly  equal,  the  difference  would  be  slicht,  so  that  the  effective 
eases  are  those  of  the  extreme  classes  represented.  Further  explanation  is  given 
in  the  text. 
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29),  can  only  come  into  contact  with  a  planetary  nucleus,  E,  in  the  orbit 
By  at  the  point  where  it  is  farthest  from  the  sun,  or  its  aphelion  point. 
So  likewise  a  planetesimal,  P,  in  the  large  orbit,  C,  can  only  come  into 
contact  with  the  planetary  nucleus,  E,  at  the  point  where  the  planetesimal 
comes  nearest  to  the  sun,  its  perihelion.  In  the  first  case  the  planetary 
nucleus  is  at  its  perihelion;  in  the  second,  at  its  aphelion.  These  are 
chosen  as  limiting  cases;  between  them  there  are  innumerable  possible 
intermediate  ones.  The  two  selected  are  the  most  effective  in  their 
results  because  the  differences  in  the  velocities  are  greatest,  and  hence 
they  may  be  regarded  as  embracing  the  whole  and  as  representative. 

Now  the  vital  point  lies  in  the  fact  that,  at  the  'point  of  collision^  the 
body  in  the  smaller  orbit  is  moving  slower  than  the  one  in  the  larger 
orbit,  though  on  the  average  it  moves  the  faster.  For  example,  the 
planetesimal,  P,  at  the  points  where  alone  it  may  come  into  contact 
with  the  nucleus,  E,  is  moving  slower  than  E.  If  collision  takes  place 
at  all,  E  must  overtake  P.  This  may  be  demonstrated  by  the  principles 
of  celestial  mechanics,^  but  it  may  also  be  readily  seen  by  inspection, 
for  at  the  point  of  contact  E  has  a  velocity  sufficient  to  carry  it 
farther  away  from  the  sun  through  the  larger  orbit  jB,  while  the  body 
in  the  orbit  A,  from  deficiency  of  velocity,  falls  back  towards  the 
sun.  At  the  points  where  the  planetesimal,  P,  in  the  large  orbit,  can 
alone  come  into  collision  with  the  nucleus,  E,  the  case  is  reversed,  and 
the  planetesimal,  P,  has  the  greater  velocity,  and  must  overtake  E,  if 
there  is  any  collision  at  all. 

The  varying  effects  of  the  impacts  on  the  rotation. — ^If  the  bo<iy 
in  the  outer  orbit  were  always  to  strike  the  outside  of  the  body  in  the 
inner  orbit,  as  in  the  ideal  cases  illustrated,  the  impact  would  contribute 
to  forward  rotation;  but  the  orbits  may  cross  one  another,  and  the  body 
in  the  inner  orbit  may  have  passed  the  crossing  before  it  is  overtaken 
by  the  body  in  the  outer  orbit,  and  so  the  inertia  of  the  overtaken 
body  may  be  felt  on  the  outer  side  of  the  nucleus  and  tend  to  produce 
retrograde  rotation.  It  is,  therefore,  necessary  to  take  account  of 
two  opposite  classes  of  effects,  and  to  estimate  the  residual  influence 
of  all  probable  collisions.  It  will  be  seen  at  once  that  this  residual 
influence  must  be  far  less  in  magnitude  than  the  sum  of  the  force  of  all 
impacts,  for  the  opposing  classes  neutralize  one  another,  and  hence 

*  An  elegant  method  of  determining  the  velocity  of  a  body  at  any  point  in  its 
dliptical  orbit  is  given  on.  p.  139  of  Moulton's  Cdestial  Meclianics. 


THE  ORIGIN  OF  THE  EARTH.  75 

the  resulting  rotation  is  likely  to  be  relatively  low,  though  the  total 
force  of  impact  be  great.  It  is  further  evident  that  the  result  might 
have  varied  considerably  in  the  different  planets,  and  this  is  in  concord- 
ance with  the  varying  rotations  actually  presented  by  the  several 
planets. 

It  is  still  further  obvious,  on  inspection,  that  the  greatest  differences 
of  velocity,  and  hence  the  greatest  rotatory  effects,  must  occur  in  the 
extreme  or  limiting  cases  of  collision  that  occur  at  the  perihelion  and 
aphelion  points  of  the  nucleus'  orbit;  for,  where  the  orbits  have  more 
nearly  the  same  dimensions  and  the  crossings  are  at  points  intermediate 
between  these  extremes,  the  differences  of  velocity  are  less  and  the 
rotatory  effects  less,  whatever  their  phases. 

The  average  or  residual  effects  of  collisions  in  the  limiting  cases 
may  be  gathered  from  the  case  represented  at  the  left  in  Fig.  30,  in 
which  planetesimals  in  small  orbits  are  overtaken  by  the  nucleus  near 
its  perihelion  point,  and  from  the  case  at  the  right  in  which  the  plan- 
etesimals in  the  large  orbit  overtake  the  nucleus  near  its  aphelion  point. 
By  inspecting  the  figure,  it  will  be  seen  that  the  areas  which  represent 
the  possibilities  of  overtake  favorable  to  forward  rotation  exceed  those 
favorable  to  backward  rotation.  This  holds  true  on  the  assumption 
of  an  equable  distribution  of  planetesimals,  which  may  fairly  be  assumed 
as  the  average  fact,  but  not  necessarily  as  always  the  fact;  and  hence 
the  conclusion  is  not  rigorous,  and  a  backward  rotation  is  not  impossible. 
From  the  nature  of  the  case,  a  varjdng  rotation  for  the  several  planets 
is  more  probable  than  a  nearly  uniform  one. 

It  is  also  obvious  that  the  impacts  on  the  right  and  left  sides  of  a 
growing  nucleus,  as  well  as  those  on  the  outer  and  inner  sides,  might 
be  unequal,  and  hence  obliquity  of  axis  of  rotation  of  varying  kinds  and 
degrees  might  arise.  As  the  solar  system  presents  these  variations,  the 
method  of  accretion  here  postulated  seems  to  lend  itself  happily  to  the 
requirements  of  the  case. 

The  order  in  which  the  contingencies  of  collision  come  into  play — 
There  is  a  supplementary  factor  arising  from  the  order  in  which  the 
contingency  of  collision  arises.  If  a  planetesimal  is  subject  to  two 
equal  contingencies  of  collision  with  the  planetary  nucleus,  of  opposite 
effect,  it  is  obvious  that  the  one  which  it  first  encounters  has  a  better 
chance  of  realization  than  the  other;  for  if  the  first  is  realized,  the 
second  loses  its  chance.      Now  by  reference  to  Fig.  31  it  will  be  seen 
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Fio.  30. — ^A  diagram  intended  to  iUustrate  the  proportion  of  normal  cases  of  collision 
that  will  tend  to  give  forward  rotation  as  against  retrograde  rotation,  a  uniform 
distribution  of  planetesmials  bein^  assumed.  To  avoid  unnecessaiy  complication, 
a  belt  of  planetesimals  in  the  minimum  normal  orbits  that  permit  collision,  and 
another  belt  of  those  in  the  maximum  normal  orbits  that  permit  collision,  each 
having  the  breadth  of  the  planetary  nucleus,  are  chosen,  as  these  are  the  cases  of 
greatest  differential  velocities,  and  hence  the  most  effective  in  producing  rotation. 
The  intermediate  cases  are  not  only  less  effective  because  of  less  differential  veloc- 
ity, but  because  the  collisions  of  the  two  classes  are  more  nearly  equ^  in  number 
and  more  nearly  neutralize  one  another.  In  inspecting,  let  it  be  noted  that  the 
nucleus,  E^  at  the  left,  is  moving  faster  than  the  planetesimals  in  the  area  of  pos- 
sible collision,  and  hence  that  the  planetesimals  which  it  overtakes  on  its  inner 
side  tend  to  cause  forward  rotation,  while  those  which  it  overtakes  on  its  outer 
side  tend  to  produce  retrograde  rotation.  The  collisions  in  the  larger  area,  F, 
favoring  forward  rotation,  are  much  more  numerous  than  those  in  the  small  area, 
/?,  favoring  retrograde  rotation.  At  the  right,  the  planetesimals  are  moving 
faster  than  the  nucleus  E',  and  those  that  overtake  it  on  the  outside  in  the  area 
F'  tend  to  forward  rotation,  while  those  that  overtake  it  on  the  inner  side  in 
the  area  R'  tend  to  retrograde  rotation.  In  both  cases,  forward  rotation  is 
favored.  If  belts  between  these  limiting  belts  be  drawn,  the  difference  between 
the  two  classes  of  areas  will  be  less,  but  of  the  same  phases. 
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that,  in  the  shif tmg  of  the  mner  orbits,  it  will  be  possible  for  the  planet- 
esimals  to  collide  with  the  inner  side  of  a  nucleus  earlier  than  with 
the  outer  side,  and  hence  forward  rotation  is  favored.  So  also,  by 
an  examination  of  the  orbits  of  the  outer  planetesimals,  a  similar  fact 


Fig.  31. — Diagram  showing  that  in  the  shifting  of  orbits,  the  first  contingencies  of 
collision  favor  forward  rotation.  B  represents  a  smaller  elliptical  orbit  within  a 
larger  one,  A.  If  5  be  shifted  progressively  in  the  direction  -B',  B'\  it  will  first 
come  into  possible  coUisional  relations  with  A  on  its  inner  side,  and  at  this  point 
a  body  in  the  orbit  A  is  moving  faster  than  a  body  in  the  orbit  B,  as  shown  by 
the  ItLTze  orbit  the  former  describes,  and,  the  collision  being  on  the  inner  side, 
forward  rotation  is  favored. 

is  made  obvious.    Thus  the  order  in  which  the  possibilities  of  collision 
are  brought  into  effect  favors  direct  rotation. 

The  collecting  zones. — From  the  previous  discussion  it  will  be 
seen  that  a  planetary  nucleus  gathers  planetesimals  that  have  orbits 
both  smaller  and  larger  than  itself,  and  hence  in  effect  it  sweeps  a 
space  both  outside  and  inside  its  own  zone.    The  breadth  of  this  space 
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is  dependent  on  the  eccentricity  of  its  own  orbit,  and  on  the  eccen- 
tricities of  the  orbits  of  the  planetesimals  it  gathers  in  on  either  hand. 

Competitive  nuclei  and  selective  dominance. — It  is  obvious  that 
there  may  have  been  two  or  more  nuclei  originally  within  the  same 
zone.  If  one  of  these  was  notably  smaller  than  the  other,  it  might 
be  picked  up  by  the  latter,  the  same  as  if  it  were  a  planetesimal.  Two 
of  equal  size  might  perhaps  unite,  though  this  would  not  necessarily 
take  place.  Two  nuclei  in  nearly  the  same  zone  must  feed  upon  the 
same  belt  of  planetesimals,  and  must  mutually  interfere  with  one 
another's  growth.  If  there  were  little  difference  in  their  masses  at  the 
outset,  that  one  which  was  best  spaced  out  from  the  nuclei  in  neighbor- 
ing zones  would  be  likely  to  become  dominant  by  superior  growth, 
for  it  would  have  a  better  feeding-ground,  so  to  speak.  Even  a  nucleus 
that  was  smaller  at  the  outset,  if  well  separated  from  large  competitors, 
might  become  the  dominant  one  by  a  better  growth. 

If  there  were  originally  many  nuclei  of  minor  mass,  and  if  these 
were  much  scattered,  especially  if  the  planes  of  their  orbits  were  di- 
verse, the  dominance  of  any  one  might  be  avoided,  and  a  scanty  growth 
of  all  result,  as  in  the  case  of  the  asteroids. 

The  shifting  of  orbits. — It  seems  to  be  a  sure  inference  that,  in  the 
process  of  growth,  the  nucleus  must  have  worked  towards  the  center  of 
the  zone  from  which  it  gathered,  as  a  consequence  of  the  superior  feed- 
ing on  the  richer  side.  For  example,  if  more  planetesimals  were  picked 
up  on  orbits  smaller  than  its  own,  its  orbit  must  have  grown  smaller 
as  a  mechanical  result  of  the  accretion,  for  a  new  orbit,  arising  from 
the  imion  of  two  bodies,  is  intermediate  between  the  two  previous 
orbits,  and  hence  smaller  than  the  larger  one.  If  more  planetesimals 
were  picked  up  on  the  outer  side,  the  orbit  of  the  nucleus  must  have 
grown  larger.  The  nucleus,  therefore,  must  have  worked  toward  the 
center  of  the  richer  feeding-ground,  or  in  average  cases  of  equable 
original  distribution,  toward  the  ground  not  preyed  upon  by  other 
nuclei. 

The  spacing-out  of  the  planets. — The  foregoing  processes  tended 
toward  a  selection  of  nuclei  for  dominance,  and  to  an  automatic  spacing- 
out  of  the  successful  nuclei.  This  process,  if  our  hypothesis  be  true, 
should  find  verification  in  the  actual  distribution  of  the  planets,  and 
be  an  explanation  of  it.  This  distribution  should  correspond  to  the 
eccentricities  of  the  nuclei,  modified  by  the  proportions  of  planetesi- 
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inals  of  larger  and  smaller  orbits  gathered  in  by  them.  Assuming 
these  to  have  been  somewhat  equable,  the  planetary  distribution  should 
be  roughly  proportional  to  the  eccentricities  of  the  nuclear  orbits.  As 
a  basis  for  inspection,  let  it  be  supposed  that  the  collecting  zone  of  each 
planet  reaches  half-way  to  its  neighbor  on  either  hand;  and  let  the 
eccentricity  of  the  orbit  of  each  nucleus  be  such  that  the  nucleus  itself 
shall  sweep  its  whole  collecting  zone,  which  is  more  than  the  case 
absolutely  requires.  The  following  are  the  eccentricities  so  derived, 
compared  with  present  eccentricities: 

Assigned  Present 

Eccentricity.    Eccentricity. 

Nucleus  of  Mercury 25±  .2 

Venus 21  .006 

Earth 20  .017 

Mars 28  .093 

A  X      -J   /         \  oo  oo  l^^d    less;    mean 

Asteroids  (mean) 33  '^    I    b     t  15 

Jupiter .336  .048 

Saturn 366  .056 

Uranus 37  .046 

Neptune 38±  .009 

There  being  no  known  planet  outside  of  Neptune,  the  method  can 
only  be  appUed  to  it  by  an  arbitrary  assumption  regarding  its  outside 
collecting  area.  It  may  be  reasonably  assumed  that  the  nucleus  of 
Neptune  represented  the  head  of  the  protuberance,  so  to  speak,  and 
that  its  accretion  was  essentially  all  on  the  inner  side,  which  would  draw 
its  orbit  inward,  according  to  the  principle  above  stated.  This  may 
account  for  its  anomalous  spacing  out.  There  being  no  known  planet 
inside  Mercury,  the  eccentricity  assigned  it  is  also  in  a  measure  arbi- 
trary. 

With  these  qualifications,  it  will  be  seen  that  the  assigned  eccentrici- 
ties are  quite  harmonious,  and  on  the  whole  they  indicate  a  progressively 
greater  original  eccentricity  from  w^ithin  outward.  By  comparison 
with  the  existing  eccentricities,  it  will  be  seen  that  the  assigned  original 
ones  are  much  the  more  consistent.  The  reason  for  this,  under  our 
hypothesis,  is  close  at  hand.  According  to  the  principle  of  evolution 
from  eccentricity  toward  circularity,  stated  above,  the  greater  the 
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accretion,  the  greater  the  progress  toward  circularity.  This  is  qualified 
somewhat  by  the  pertiu-bations  which  the  planets  create  in  one  another's 
orbits,  and  by  the  special  conditions  of  aggregation,  but  remains  essen- 
tially true.  For  the  large  planets  that  have  dominated  their  collecting 
zones  and  presumably  swept  them  thoroughly,  the  reductions  of  eccen- 
tricity are  subequal.  For  the  very  small  bodies  that  presumably  grew 
but  little,  the  eccentricities  remain  large,  for  the  greater  part.  For 
example,  the  eccentricity  of  Mercury,  the  smallest  of  the  planets, 
remains  more  than  twice  that  of  any  other  planet.  Mars,  the  next 
smallest  in  size,  comes  next  in  eccentricity  among  the  planets,  while 
the  asteroids,  that  probably  grew  but  little,  have  high  eccentricities  as 
a  rule.  Their  orbits  have  doubtless  been  not  a  little  disturbed  by  the 
great  influence  of  their  powerful  neighbor  Jupiter,  and  a  rigorous 
application  of  so  general  a  law  as  the  one  under  consideration  cannot  be 
made  to  the  details  of  their  orbits;  but  the  tenor  of  the  facts  is  very 
suggestive.  The  highest  eccentricity,  .38,  is  as  high  as  the  highest  eccen- 
tricity assigned  to  the  original  nuclei  of  the  planets.  Of  the  70  aster- 
oids whose  diameters  are  fairly  well  known,  the  half  that  are  larger, 
and  presumably  have  grown  most,  have  orbits  less  eccentric  by  13.7  per 
cent,  than  the  half  that  are  smaller,  and  presimiably  have  grown  less. 
Of  the  orbital  elements  of  278  asteroids  examined,  the  half  having  the 
lowest  inclination  to  the  common  plane  of  the  system,  and  so  best  situ- 
ated for  accretion,  have  eccentricities  21.9  per  cent,  less  than  those  of 
greater  inclination.  The  orbits  of  Neptune  and  Venus  are  exception- 
ally circular,  the  former  perhaps  on  account  of  its  outermost  position 
and  mode  of  accretion,  as  previously  suggested,  the  latter  for  reasons 
not  obvious.  Rigorously  consistent  results  cannot  be  expected  from 
such  antecedents  as  are  postulated  in  a  case  of  this  kind.  The  degree 
of  consistency  noted  is  perhaps  to  be  regarded  as  much  more  remarkable 
than  the  departiures  from  it.  If  this  view  of  the  spacing  out  of  the 
planets  be  entertained,  a  rational  law  may  be  substituted  for  the  purely 
numerical  formulation,  known  as  Bode's  law,  viz.,  that  the  spacing 
has  been  derived  from  a  fairly  consistent  variation  in  the  primitive 
eccentricities  of  the  planetesimaJs  and  nuclei  of  the  parent  nebula,  in 
which  the  outer  were  symmetrically  greater  than  the  inner. 
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SUMMARY. 

The  planetesimal  hjT^othesis  thus  assumes  that  the  solar  system 
was  derived  from  a  nebula  of  the  most  common  type,  the  spiral,  and 
that  the  matter  of  this  parent  nebula  was  in  a  finely  divided  solid  or 
liquid  state  before  aggregation,  in  harmony  with  the  continuous  spectra 
of  spiral  nebulae.  It  regards  the  knots  of  the  nebula  as  the  nuclei  of 
the  future  planets,  and  the  nebulous  haze  as  matter  to  be  added  to  these 
nuclei  to  form  the  planets.  It  assumes  that  both  the  knots  and  the 
particles  of  the  nebulous  haze  moved  about  the  central  mass  in  elliptical 
orbits  of  considerable,  but  not  excessive,  eccentricity.  It  postulates 
a  simple  mode  of  origin  of  the  nebula  connected  with  the  not  improbable 
event  of  a  close  approach  of  the  ancestral  sun  to  another  large  body, 
but  the  main  hypothesis  is  not  dependent  on  this  postulate. 

It  assigns  the  gathering-in  of  the  planetesimals  to  the  crossing  of 
the  elliptical  orbits  in  the  course  of  their  inevitable  shiftings.  Out 
of  this  process  and  its  antecedents,  it  develops  consistent  views  of  the 
requisite  distribution  of  mass  and  momentum,  of  the  spacing  out  of 
the  planets,  of  their  directions  of  rotation,  of  their  variations  of  mass, 
of  their  varying  densities,  and  of  other  peculiarities. 

It  deduces  a  relatively  slow  growth  of  the  earth,  with  a  rising  internal 
temperature  developed  in  the  central  parts  and  creeping  outward. 
With  such  a  mode  of  growth,  the  stages  of  the  earth's  early  history 
necessarily  depart  widely  from  those  postulated  by  the  Laplacian 
and  the  meteoritic  hypotheses.    These  stages  now  claim  our  attention. 


CHAPTER  II. 

THE  HYPOTHETICAL  STAGES   LEADING   UP  TO  THE   KNOWN   ERAS. 

The  hypotheses  of  the  earth's  genesis  having  now  been  sketched, 
the  several  stages  of  evolution  that  led  up  to  the  beginning  of  the 
legible  record  of  Archean  times  claim  attention.  These  stages  are 
as  yet  hypothetical,  and  the  views  presented  are  to  be  entertained 
with  appropriate  reserve.  The  study  of  these  stages  is  none  the  less 
imperative,  for  during  them  the  broader  phases  of  the  earth's  dynamics 
were  brought  into  action,  the  essential  features  of  its  configuration 
were  determined,  and  even  the  salient  lines  of  its  relief  were  marked 
out;  and  these  have  been  perpetuated,  in  their  grander  features,  to 
the  present  time.  Since  these  dominant  characters  were  the  outgrowth 
of  the  preceding  history,  they  are  to  be  interpreted  according  as  (1) 
the  forming  earth  is  thought  to  have  followed  the  gaseo-molten  path, 
with  cooling  as  its  great  event,  or  (2)  to  have  grown  up  by  accessions, 
with  increasing  heat  and  gravity  as  its  leading  features.  No  other 
than  these  two  lines  of  development  seems  to  require  serious  con- 
sideration at  present,  for,  however  the  genetic  process  started,  it  prol>- 
ably  glided  into  the  one  or  the  other  of  these  alternative  phases  before 
the  era  was  reached  which  gave  to  the  earth  its  final  form.  It  remains, 
therefore,  to  outline  in  succession  (I)  the  stages  of  early  evolution 
under  the  gaseo-molten  hypothesis,  as  commonly  held  heretofore; 
(II)  a  modification  of  these  stages  designed  to  escape  diflficultios 
raised  by  recent  investigations,  and  (III)  the  stages  under  the 
accretionary  hypothesis. 

I.  STAGES  UNDER  THE  COMMON  FORM  OF  THE  GASEO-MOLTEX 
(LAPLACIAN)   HYPOTHESIS. 

The  hypothetical  stages  arising  from  the  Laplacian  view  have 
nowhere  been  stated  more  definitely  and  succinctly  than  by  Professor 
Dana,^  and  his  synopsis  is  here  introduced  as  a  typical  statement  of 

*  Manual  of  Geology,  4th  edition,  pp.  440,441. 
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the  general  conceptions  that  have  been  entertained  by  the  majority 
of  geologists  during  the  past  century. 

"  I.  The  Astral  seon,  as  it  has  been  called,  or  that  of  the  fluid  globe  having  a 
heavy  vaporous  envelope,  containing  the  future  water  of  the  globe  or 
its  dissociated  elements,  and  other  heavy  vapors  or  gases. 

II.  The  Azoic  »on.    Without  life. 

1.  The  Lithic  Era:    commencing  with  the  earth  a  solid  globe,  or  at  least 

solid  at  the  surface;  the  temperature  at  the  beginning  above  2500°  F.; 
the  atmosphere  still  containing  all  the  water  of  the  globe  (amount- 
ing to  200  atmospheres,  according  to  Mallet,  1880),  all  the  carbonic 
acid  now  in  hmestone  and  that  corresponding  to  the  carbon  now 
in  carbonaceous  substances  and  organic  substances  (probably  50 
atmospheres),  all  the  oxygen  since  shut  up  in  the  rocks  by  oxidation, 
as  well  as  that  of  the  atmosphere  and  of  organic  tissues.  The  time 
when  lateral  pressure  for  crustal  disturbance  and  orographic  work 
was  begun;  when  'statical  metamorphism,'  or  that  dependent 
on  heat  of  a  statical  source, — the  earth's  mass  and  the  vapors  about 
it, — began. 

2.  The  Oceanic  Era:  commencing  with  the  waters  condensed  into  an  ocean 

over  the  earth,  or  in  an  oceanic  depression,  with  finally  some  emerging 
lands, — the  temperature  perhaps  about  500°  F.,  if  the  atmospheric 
pressure  was  still  50  atmospheres.  The  first  of  tides  and  the  beginning 
of  the  retardation  of  the  earth's  rotation.  Oceanic  waves  and  currents 
and  embryo  rivers  begin  work  about  the  emerged  and  emerging  lands; 
the  large  excess  of  carbonic  acid  and  oxygen  in  the  air  and  water 
a  source  of  rock-destruction;  before  the  close  of  the  era,  the  forma* 
tion  of  limestones  and  iron-carbonate  by  chemical  methods,  removing 
carbonic  acid  from  the  air  and  so  conmiencing  its  purification; 
the  accumulation  of  sediments  without  inunediate  crystallization  or 
metamorphism,  and  thereby  the  beginning  of  the  earth's  supercrust. 
IIL  The  Archwozoic  aeon.    Life  in  its  lowest  forms  in  existence. 

1.  The  Era  of  the  First  Plants:  Algae,  and  later  of  aquatic  Fungi  (Bacteria),. 

commencing  with  the  mean  temperature  of  the  ocean  at  possibly 
150°  F.,  since  plants  now  live  in  waters  up  to  and  even  above  180°  F» 
Limestones  formed  from  vegetable  secretions,  and  silica  deposits 
from  silica  secretions;  iron  carbonate,  and  perhaps  iron  oxides- 
formed  through  the  aid  of  the  carbonic  acid  of  the  atmosphere  and 
water;  large  sedimentary  accumulations,  where  conditions  favored, 
thickening  the  supercrust. 

2.  The  Era  of  the  First  Animal  Life:   mean  temperat'ore  at  the  beginning 

probably  about  115°  F.,  and  at  the  end  90°  F.,  or  lower;  limestones 
and  silica  deposits  formed  from  animal  secretions;  deposits  of  iron- 
carbonate  and  iron-oxides  continued;  large  sedimentary  accumula- 
tions." 
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Difficulties   Encountered    by   the   GaseoMolten   Hypothesis. 

Quite  apart  from  the  question  of  its  general  truthfulness,  two 
sources  of  serious  dissatisfaction  with  the  preceding  view  of  the  early 
earth-stages  have  grown  out  of  recent  investigations,  the  one  arising 
from  failure  to  find  any  great  basal  formation  bearing  the  distinctive 
characters  of  an  original  crust;  and  the  other,  from  adverse  evidence 
relative  to  the  prodigious  atmosphere  postulated. 

1.  Evidence  Relative  to  an  Original  Crust. 

The  theory  of  a  molten  earth  carries  the  presumption  that  the 
liquid  mass  arranged  itself  in  concentric  layers  according  to  the  spe- 
cific gravities  of  the  constituents,  if  convection  was  not  so  vigorous  as 
to  prevent  this.  As  the  granitoids  constitute  the  lightest  class  of 
igneous  rocks,  their  molten  magma  has  been,  very  consistently,  assigned 
to  the  outer  zone  of  the  molten  earth, while  the  magmas  of  the  heavier 
neutral  and  basic  rocks  have  been  assigned  to  lower  layers.  This 
conception  was  long  ago  set  forth  definitely  by  Durocher,  who  postu- 
lated an  outer  zone  of  rock  derived  from  an  "acid  magma",  and  a 
lower  zone  derived  from  a  "basic  magma." ^ 

If,  however,  it  be  assumed  that  convection  was  too  effective  to  per- 
mit such  concentric  arrangement  of  liquid  layers,  the  conception  of 
an  intimate  mixture  of  material  must  be  substituted  for  that  of  differ- 
entiated layers,  but  the  outer  zone  of  rock  must  probably  still  have 
been  homogeneous  in  the  larger  sense,  for  the  conception  of  perma- 
nent areas  of  lighter  rock  in  one  region,  and  heavier  rock  in  another, 
at  the  same  time  and  in  the  same  horizon,  is  inconsistent  with  the 
principles  of  hydrostatic  equilibrium. 

The  theoretical  crust  a  universal  identifiable  substratum. — ^In  either 
case,  a  characteristic  surface  of  lava,  either  sensibly  homogeneous 
or  homogeneously  mixed,  and  in  approximate  hydrostatic  equilibrium, 
should  have  constituted  the  material  which  solidified  into  the  original 
crust.  This  crust  should,  therefore,  be  a  universal  substratum  of 
a  distinctive  character  and  susceptible  of  definite  identification.  A 
specially  complete  state  of  crystallization,  of  the  very  coarse  tjrpe, 

'  A  clear  statement  of  this  logical  view  is  given  in  Haughton's  Manual  of  Geology, 
p.  3,  to  which  is  added  a  translation  of  Durocher's  notable  essay  on  comparative 
petrology,  in  which  the  doctrine  is  elaborated. 
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seems,  to  be  a  necessary  attribute  of  a  rock  formed  from  a  molten  globe, 
except  at  the  very  surface,  for  the  process  of  cooling  must  have  been 
very  slow,  and  the  conditions  for  the  growth  of  the  crystals  most  pro- 
pitious. The  primitive  formation  should  hence  be  of  the  most  mas- 
sive and  declared  holocrystalline  tjrpe.  Its  distinctive  character 
could  scarcely  be  disguised  beyond  recognition  by  any  probable  kata- 
morphism  at  a  later  date. 

The  liinitations  of  pyroclastie  concealment  of  the  crust. — ^No  very 
large  amount  of  scoriaceous  and  fragmental  material  can  be  assumed 
to  have  been  heaped  upon  the  original  crust  consistently  with  the 
hypothesis  in  the  form  above  stated;  for  the  assimiption  that  the  primi- 
tive atmosphere  contained  all  the  future  water  of  the  hydrosphere 
leaves  no  appreciable  explosive  agency  in  the  molten  globe  to  pro- 
duce such  material.  The  atmospheric  and  hydrospheric  constituents, 
by  the  terms  of  the  hypothesis,  had  either  never  condensed,  or  had 
been  thoroughly  boiled  out  of  the  white-hot  mass.  This  is  not  an 
undue  forcing  of  the  mere  phrasing  of  the  hypothesis,  for  not  a  few 
familiar  doctrines  and  working  conceptions  have  been  built  upon  the 
assumed  exclusion  of  the  hydrospheric  and  atmospheric  constituents 
from  the  primitive  rocks.  The  permanent  concealment  of  the  orig- 
inal crust  imder  pyroclastie  material  cannot,  therefore,  consistently 
be  assumed  without  modifying  the  hj^Dothesis,  for  many  thousand 
feet  have  been  eroded  from  the  surface  of  the  oldest  known  areas. 

The  adverse  bearing  of  recent  discoveries. — Until  recently,  the 
great  granitoid  areas  of  the  Archean  series  were  thought  to  meet 
very  fairly  the  theoretical  requirements  of  the  case;  but  it  has  been 
discovered  in  no  less  than  five  of  the  regions  most  critically  studied, 
that  many  of  these  great  granitoid  masses  are  intrusive,  and  that  they 
have  been  forced  into  rocks  that  were  formed  on  the  surface  by  lava 
outflows,  volcanic  fragmentation,  or  surface  sedimentation.  This  sig- 
nificant discovery  was  made  almost  contemporaneously  by  geologists 
of  Canada,  the  United  States,  Great  Britain,  Scandinavia,  and  Finland. 
While  such  an  intrusive  nature  has  not  yet  been  proved  for  all  the  great 
granitoid  masses  of  all  Archean  areas,  the  presumption  now  lies  in 
that  direction.  The  new  interpretation  thus  reduces  to  an  unknoT\Ti, 
if  not  a  vanishing  quantity,  the  area  of  massive  crystalline  rock  that 
can,  with  plausibility,  be  referred  to  the  supposed  original  crust.  But 
the  theoretical  necessity  for  a  large  area  of  such  rocks,  if  the  molten 
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hypothesis  in  this  form  is  to  be  retained,  has,  at  the  same  time,  grown 
more  imperative  with  progressive  investigation;  for  it  is  obvious  that 
all  the  vast  series  of  sediments  miist  have  been  derived  from  the  original 
crust  and  from  such  extrusions  as  have  since  come  from  beneath  it,  and 
it  is  becoming  more  and  more  evident  that  the  original  source  of  the 
main  portion  of  this  material  was  the  present  land  area  and  its  immedi- 
ate borders.  There  is  now  no  satisfactory  evidence  of  any  general 
reversal  of  continental  and  oceanic  areas,  as  was  once  rather  freely 
postulated.  Abysmal  deposits  do  not  appear  in  the  continental  series, 
if  one  or  two  equivocal  cases  be  set  aside;  and  if  abysmal  areas  have 
not  been  added  to  the  continents,  continental  areas  cannot  have  been 
sunk  to  abysmal  depths,  without  destroying  the  critical  relations  of  the 
sea  to  the  land  which  seem  to  have  been  constantly  maintained.  There 
is  now,  therefore,  little  or  no  plausible  ground  for  supposing  that  large 
abysmal  portions  of  the  crust  were  thrust  up  into  high  land  and  sup- 
ported there  till  great  sedimentary  series  were  derived  from  them, 
and  then  withdrawn  to  abysmal  depths  again.  This  argument  should 
not  be  pushed  so  far  as  to  shut  out  mutual  encroachments  and  reces- 
sions of  shallow  sea  on  land — which  have  been  numerous — ^nor  minor 
changes  in  the  relations  of  the  deep  basins  and  the  continental  plat- 
forms; but  it  is  probably  quite  safe  to  conclude  that  the  sediments 
now  buried  beneath  the  sea,  and  not  reckoned  in  the  known  series, 
are  greater  in  amount  than  any  sediments  that  may  have  been  derived 
from  portions  of  the  primitive  land  areas  now  buried  beneath  the  sea; 
in  other  words,  it  is  probably  quite  safe  to  assume  that  at  least  as  much 
derivative  material  as  is  now  represented  by  the  known  sediments, 
has  come  from  the  present  land  areas.  There  should,  therefore,  be 
large  areas  of  the  original  crust  now  occupying  the  surface,  and  still 
other  areas  lying  beneath  the  sedimentarj'-  series  in  such  a  way  as  to  be 
accessible  incidentally  here  and  there.  If  the  trend  of  further  investi- 
gation shall  follow  the  present  tendency,  and  exclude  the  accessible 
rocks  of  the  Archean  areas  from  the  original  crust,  the  molten  theory, 
in  its  original  form,  will  have  lost  its  observational  support. 

2.  Atmospheric  Difficulties. 

The  second  point  of  growing  dissatisfaction  is  a  corollary  of  the 
preceding  one,  for  both  spring  from  the  assumption  that  the  atmos- 
pheric and  hydrosphcric  gases  were  excluded  from  the  molten  globe.     It 
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is  on  this  ground  that  the  primitive  atmosphere  is  held  to  have  been 
vast,  hot,  and  heavy,  and  to  have  contained  all  the  water  of  the  globe, 
all  the  carbonic  acid  now  in  limestone,  and  that  corresponding  to  the 
carbon  now  in  carbonaceous  deposits  and  in  organic  substances,  all 
the  oxygen  since  shut  up  in  the  rocks  by  oxidation,  as  well  as  that  of 
the  atmosphere  and  of  organic  tissues  (p.  83).  The  assumption  back 
of  this  seems  to  be  that  heat  always  promotes  gaseous  expulsion,  and 
if  so,  the  separation  of  the  gases  from  the  extremely  hot  molten  rock 
should  certainly  have  become  most  complete  in  the  white-hot  primitive 
globe.  Under  this  view,  absorption,  rather  than  expulsion,  should 
have  been  the  rule  in  all  later  and  colder  states.  This  fundamental 
conception  has  been  widely  entertained,  and  has  found  familiar  expres- 
sion in  certain  volcanic  hypotheses,  in  the  supposed  absorption  of  a 
former  atmosphere  and  hydrosphere  of  the  moon  into  that  body,  and 
in  well-known  prophecies  of  a  similar  doom  for  the  envelopes  of  the 
earth. 

The  adverse  evidence  of  early  life. — ^The  more  the  physiological 
functions  and  adaptations  of  the  early  life  are  compared  with  those 
of  modem  life,  the  more  nearly  identical  they  appear  to  be,  and  the 
more  scant  has  become  the  basis  for  postulating  profoundly  different 
atmospheric  and  thermal  conditions  in  early  times.  This  observation 
is  not  confined  to  the  discovery  of  air-breathing  animals  far  back  in 
geologic  history,  when  a  prohibitive  excess  of  carbon  dioxide  should, 
theoretically,  have  still  remained  in  the  air,  but  relates  as  well  to  various 
adaptations  found  in  nearly  all  forms  of  life,  plants  not  less  than  animals. 
For  example,  the  xerophytic  organs  of  some  plants  that  lived  in  the 
later  half  of  the  Paleozoic  era  are  perhaps  as  irreconcilable  with  a 
vast  hot  vaporous  atmosphere,  overcharged  with  carbon  dioxide  and 
water-vapor,  as  is  the  presence  of  the  flying  insects  with  their  extremely 
active  organizations. 

Incongruities  on  the  physical  side. — ^An  atmosphere  so  heavily  sur- 
charged with  carbon  dioxide  and  water-vapor  must  have  been  rich  in 
heat-absorbing  power,  and  should  have  given  a  very  warm,  equable 
climate  to  the  earth,  as  has  been  rightly  assumed.  Warm  equable 
climates  did  indeed  prevail  in  a  portion  of  the  earlier  history  of  the 
earth,  as  also  in  the  later;  but  the  investigations  of  the  past  twa 
decades  in  India,  Australia,  and  South  Africa  have  forced  the  recognition 
of  extensive  glaciation  on  the  very  border  of  the  tropics,  at  a  period  as 
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early  as  the  closing  Paleozoic.  Evidences  of  glaciation  in  northwestern 
Europe,  and  also  in  China  in  about  30^  N.  Lat.,  at  or  near  the  base  of 
the  Cambrian,  has  recently  been  presented.  Less  striking,  but  perhaps 
not  less  significant,  is  the  occurrence  in  the  early  Paleozoic,  of  extensive 
salt  and  gypsum  beds  in  rather  high  latitudes.  These  deposits  seem  to 
imply  severe  and  protracted  aridity,  and  such  aridity,  especially  where 
north  of  the  30*^  belt,  is  not  readily  reconcilable  with  an  enormous 
equalizing  atmospheric  envelope. 

There  seem,  therefore,  to  have  been,  in  Paleozoic  times,  much  the 
same  alternations  of  very  uniform  with  very  diversified  climates  that 
marked  the  Mesozoic  and  Cenozoic  eras;  in  other  words,  the  alterna- 
tions of  climate  seem  to  have  been  of  much  the  same  order  throughout 
the  known  eras.  The  hjrpothesis  of  an  enormous  original  atmosphere 
suffering  gradual  depletion  finds,  therefore,  but  scant  and  uncertain 
support  in  a  critical  study  of  either  the  biological  or  the  physical  his- 
tory of  the  earth. 

II.  A  MODIFICATION  OF  THE  PRECEDING  VIEW. 

Can  the  gaseo-molten  hjrpothesis  be  modified  to  meet  these  diffi- 
culties? The  especially  troublesome  phases  of  the  hjrpothesis  arise 
from  the  assimiption  that  the  atmospheric  and  hydrospheric  gases  were 
kept  out  or  forced  out  of  the  hot  molten  globe,  and  so  constituted  a 
vast  atmospheric  envelope.  If  amendment  be  possible,  it  must  appa- 
rently consist  in  assuming  that  lavas,  however  hot,  may  hold  large 
quantities  of  gaseous  constituents  which  may  be  discharged  later. 
Existing  lavas  bring  to  the  surface  great  volumes  of  absorbed  gases. 
They  are  disposed  to  discharge  these,  however,  for  the  greater  part, 
imder  usual  surface  conditions;  but  the  limits  of  this  disposition  are 
not  yet  well  understood;  indeed,  the  whole  subject  of  the  absorption 
and  retention  of  gases  in  molten  rock  is  imperfectly  mastered.  It  is 
not  inconsistent,  however,  with  present  knowledge  to  suppose  that  a 
molten  globe  of  rock,  arising  from  vaporized  rock-substance,  might 
retain  large  quantities  of  the  atmospheric  gases  so  long  as  it  remained 
in  the  liquid  state,  and  part  with  them  only  when  it  solidified.  It  is 
admissible  to  go  even  further,  and  assume  that  much  of  the  atmos- 
pheric material  might  remain  occluded  in  the  solid  rock  after  con- 
gelation, since  igneous  rocks  now  contain  notable  quantities  of  gas.     By 
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making  these  assiimptions,  it  may  be  held  that  during  the  molten  state 
the  gases  were  not  fully  separated  from  the  molten  mass,  but  that  the 
gases  in  the  molten  globe  and  those  in  the  atmosphere  above  took  on 
a  state  of  equilibriimi  relative  to  one  another,  the  special  terms  of 
which  are  as  yet  unknown,  but  which  were  of  such  an  order  that  a 
large  part  of  the  future  atmosphere  and  hydrosphere  was  retained 
within  the  body  of  the  earth.  When,  later,  the  external  atmosphere 
was  consimied  by  reaction  on  the  surface  rocks,  the  previous  equi- 
librium was  destroyed,  and  any  residue  of  liquid  material,  charged 
imder  the  previous  condition,  would,  when  freed  from  confinement, 
discharge  an  additional  part  of  its  gases.  That  portion  of  the  mass 
which  solidified  under  the  earlier  conditions  of  equilibrium  may  also 
be  supposed  to  have  retained  much  gaseous  material,  which  was  freed 
later  imder  suitable  conditions.  Under  this  conception,  the  primitive 
atmosphere  was  much  less  extensive  than  that  postulated  by  the 
standard  form  of  the  hypothesis,  and  much  more  gaseous  material 
was  held  in  reserve  in  the  earth-body  to  actuate  future  vulcanism  and 
to  feed  the  atmosphere  and  hydrosphere. 

With  this  basis,  the  modified  view  supposes  that  the  formation 
of  the  crust  was  followed  by  a  period  of  exceptional  volcanic  activity, 
and  that  this  volcanic  stage  was  so  prolonged  and  so  effective  that 
the  primitive  crust  was  deeply  buried  under  volcanic  extrusions,  and 
has  since  been  rarely,  if  at  all,  exposed,  and  that  the  sedimentary  series 
was  derived  chiefly  from  the  volcanic  series.  Some  of  the  extruded 
material  is  supposed  to  have  constituted  lava-flows  and  some  of  it 
massive  embossments,  while  much  of  it  consisted  of  the  fragmental 
products  of  the  explosive  gases.  As  the  series  was  built  up,  it  became 
subject  to  intrusions  forming  dikes,  sills,  and  batholiths.  When  the 
sxuf ace  temperature  had  fallen  below  the  boiling-point  of  water,  aqueous 
action  gave  rise  to  sedimentary  deposits  which  mingled,  as  minor 
elements,  with  the  dominant  volcanic  constituents. 

These  features  fit  fairly  well  the  characteristics  of  the  earliest  known 
rocks,  as  now  interpreted.  If  this  supplemental  volcanic  action  be 
made  extensive  enough,  the  difficulty  arising  from  the  apparent  absence 
of  the  rocks  of  a  primitive  crust  is  avoided. 

The  hypothesis  thus  modified  is  not  altogether  successful  in  meet- 
ing the  atmospheric  difficulties  mentioned  above  (p.  86),  for  the  primi- 
tive atmosphere,  supplemented  by  the  accessions  of  this  great  vol- 


W  GEOLOGY. 

<;anic  period,  should  have  given  a  vast  gaseous  envelope,  and  hence 
a  history  not  altogether  unlike  that  of  the  preceding  view,  though 
less  excessive  in  its  terms. 

The  modified  hypothesis  furnishes  a  better  ground  than  the  older 
view  for  elucidating  the  volcanic  activity  of  later  periods,  and  for  supply- 
ing the  loss  of  the  atmosphere  due  to  chemical  combination  with  the 
surface  rocks;  but  it  is  not  clear  that  it  is  adequate.  The  modifica- 
tion is  offered  as  a  possible  emendation  of  the  more  common  phase 
of  the  gaseo-molten  hypothesis  touching  two  radica  points  where 
the  latter  seems  to  fail  to  meet  the  requirements  of  advancing  knowl- 
edge. 

Stages  under  the  Modified  Hypothesis, 

The  stages  of  evolution  under  this  view  may  be  summarized  as 
follows: 

I.  The  astral  eon. — ^The  separation  of  the  material  of  the  earth 
from  the  parent  nebula  and  its  aggregation  into  a  rotating  gaseous 
spheroid. 

II.  The  molten  eon. — The  condensation  of  the  rock  matter  of  the 
gaseous  spheroid  into  a  molten  spheroid  which  was  surrounded  by  a 
hot  vaporous  atmosphere;  but  the  molten  spheroid  nevertheless  retained, 
occluded  within  itself,  some  large  part  of  the  water  of  the  present  hydro- 
sphere, as  well  as  much  of  the  carbon  dioxide  represented  by  the  pres- 
ent carbonates  and  carbonaceous  deposits. 

III.  The  lithic  eon. — The  solidification  of  the  molten  spheroid, 
beginning  most  probably  at  the  center,  on  account  of  pressure,  and 
possibly  continuing  thence  to  the  surface,  but  perhaps  beginning  also 
at  the  surface,  at  a  later  stage,  and  solidifying  downwards,  the  two 
solidifying  portions  at  length  meeting,  or  partially  meeting,  giving 
rise  to  essential  solidity  of  the  whole.  In  this  respect,  the  theory 
may  be  accommodated  to  the  various  phases  of  opinion  on  this  sub- 
ject. The  first  mode  of  solidification  is  not  altogether  favorable  to 
the  modified  hypothesis,  for  the  solidification  rising  from  below  might 
not  improbably  force  out  the  larger  portion  of  the  absorbed  gases 
while  the  surface  was  yet  liquid  The  view  that  the  siuface  crusted 
over  while  yet  there  was  at  least  a  deep  molten  layer  below,  best  fits 
the  general  conception,  and  *s  the  main  basis  for  the  following  postu- 
late. 
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rV.  The  primitive  volcanic  eon. — Prodigious  volcanic  action,  closely- 
following  the  solidification  of  the  crust,  during  which  the  forcing  out 
of  lavas  from  below  by  the  progressive  crystallization  of  the  remain- 
mg  magma,  or  by  plutonic  stresses,  was  the  leading  event,  the  result 
being  great  beds  of  lava  and  tuffs  on  the  surface,  and  later  great  intru- 
sions of  other  lavas  into  and  through  these.  The  surface  flows  were 
formed  largely  of  the  more  fluent  lavas,  and  hence  were  generally  of 
the  basic  or  neutral  class,  and  the  pyroclastics  were  predominantly 
of  the  same  type,  while  the  intrusions  were  more  largely,  though  not 
wholly,  of  the  stiff  acidic  type.  Later,  under  metamorphic  action, 
the  basic  lavas  became  schists  in  part,  and  the  acidic  gneisses, 
neither  class,  however,  excluding  the  other.  Contemporaneously  with 
this  volcanic  action,  but  quite  subordinate  to  it,  atmospheric  and 
hydrospheric  action  is  postulated,  resulting  in  sedimentary  deposits 
interlaid  with  the  volcanic,  but  in  greatly  inferior  quantity.  The 
presence  of  life  is  implied  by  carbonaceous  elements  in  the  sedimen- 
taries.  This  period  corresponds  to  the  Archeozoic  eon,  as  limited 
by  those  geologists  who  separate  the  Archeozoic  from  the  Proterozoic 
(Algonkian)  system. 

V.  The  sedimentary  eon. — The  remaining  time,  reaching  to  the 
present,  is  characterized  by  the  dominance  of  atmospheric  and  hydro- 
spheric  action  over  volcanic,  and  is  recorded  by  the  ordinary 
elastics,  sandstones,  mudstones,  etc.,  derived  from  well-decomposed 
rocks,  and  by  limestone.  It  begins  with  the  Proterozoic  sedimentaries 
and  extends  to  the  present  time,  embracing  the  Paleozoic,  Mesozoic, 
and  Cenozoic  systems. 

Under  this  scheme,  the  accessible  record  is  made  to  begin  wdth 
some  stage  of  the  volcanic  eon,  but  probably  not  the  earliest. 

III.    STAGES  OF  GROWTH  UNDER  THE  ACCRETION  (PLANET- 
ESIMAL)   HYPOTHESIS. 

It  is  theoretically  possible  that  the  earth  may  have  grown  up  by 
accessions  in  ways  other  than  those  sketched  under  the  planetesimal 
hypothesis,  as  set  forth  in  this  work,  and  so  it  is  necessary  to  recog- 
nize that  accretionary  evolution  is  not  necessarily  identical  with  planet- 
esimal evolution,  but  the  latter  is  taken  as  a  type  form  and  furnishes 
the  basis  for  the  following  sketch  of  evolutionary  stages. 
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T.  The  Nuclear  Stage. 

Under  the  planetesimal  hypothesis,  the  earth  is  supposed  to  have 
started  as  a  nebular  knot,  acting  as  a  nucleus,  and  to  have  grown 
gradually  to  its  present  mass  by  accessions.  It  does  not  seem  to  be 
important,  geologically,  to  consider  the  special*  state  of  the  nebular 
nucleus  if  it  be  granted,  for  the  reasons  previously  assigned  (p.  62), 
that  it  constituted  only  a  small  fraction  of  the  grown  planet.  If  its 
mass  were  quite  small,  there  is  reason  to  assume  that  it  was  composed 
of  material  of  high  molecular  weight,  since  light  molecules  would 
probably  escape  by  virtue  of  their  high  velocities,  except  as  they  were 
coherent  with,  or  occluded  in,  heavier  material.  The  nucleus  is  supposed 
to  have  been  originally  an  assemblage  of  planetesimals  grouped  together 
by  their  mutual  gravity,  and  to  have  passed  gradually  into  a  solid 
nucleus  in  connection  with  the  capture  of  outside  planetesimals.  As 
the  planetesimals  were  solid  aggregates  in  the  main,  and  only  partially 
elastic,  their  collisions  mutually  destroyed  their  orbital  motions  in 
a  certain  proportion  of  cases,  and  led  to  their  collection  at  the  center. 
In  other  cases  the  orbital  motions  were  increased,  but  any  planetesimals 
which  were  thus  temporarily  driven  away  were  subject  to  subsequent 
capture. 

II.  A  Possible  Atmosphereless  Stage. 

As  the  solid  nucleus  thus  formed  may  not  have  been  massive  enough 
to  control  a  gaseous  envelope  in  its  earlier  stages,  a  possible  atmos- 
phereless stage  is  to  be  recognized.  Just  how  massive  a  planetary 
body  must  be  to  hold  permanently  an  appreciable  atmosphere  is  not 
accurately  computable  at  present,  because  of  the  uncertain  value 
of  some  of  the  factors  involved.^     A  fairly  safe  conclusion  may  per- 

'  The  following  papers  bear  upon  thb  subject :  G.  Johnstone  Stoney ,  On  the  Cause 
of  the  Absence  of  Hydrogen  from  the  Earth's  Atmosphere,  and  of  Air  and  Water 
from  the  Moon,  Roy.  Dublin  Soc,  1892.  G.  Jolmstone  Stoney,  On  Atmospheres 
upon  Plants  and  Satellites,  Trans.  Roy.  Dublin  Soc,  2  series,  6,  1897;  Ibid.,  1898, 
p.  305.  T.  C.  Chamberlin,  A  Group  of  Hypotheses  bearing  on  Climatic  Changes,  Jour, 
of  Geol.,  Vol.  V,  1897,  p.  653.  G.  Johnstone  Stoney,  On  the  Presence  of  Heliiun  in 
the  Earth's  Atmosphere,  and  its  Relation  to  the  Kinetic  Theory  of  Gas,  Astrophys. 
Jour.,  Vol.  VIII,  Dec.  1898,  p.  316.  S.  R.  Cook,  On  the  Escape  of  Gases  from  Planetary 
Atmospheres  according  to  the  Kinetic  Theory,  Astrophys.  Jour.,  Vol.  XI,  Jan.  1900, 
p.  36.  G.  Johnstone  Stoney,  On  the  F^cape  of  Gases  from  Planetary  Atmospheres 
According  to  the  Kinetic  Theory,  No.  I,  Astrophys.  Jour.,  Vol.  XI,  May  1900,  p. 
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haps  be  drawn  from  known  celestial  bodies.  The  moon  (1/81  of  earth's 
mass)  has  no  detectable  atmosphere,  nor  has  any  smaller  body,  whether 
satellite  or  asteroid,  so  far  as  known.  Mars  (1/9.34  of  earth's  mass) 
has  an  appreciable  but  apparently  quite  limited  atmosphere.  The 
limit  between  atmosphereless  and  atmosphere-bearing  bodies  probably 
lies  between  the  two,  i.e.,  roundly,  between  1/80  and  1/10  of  the  earth's 
mass. 

The  mass  of  Mercury,  unfortunately,  is  not  known  with  satisfactory 
accuracy,  because  it  has  no  satellite  and  offers  no  other  ready  means 
of  determination.  Values  all  the  way  from  1/26  to  1/9  of  the  earth's 
mass  have  been  assigned.  Mercury  gives  no  distinct  signs  of  atmos- 
pheric refraction,  and  its  reflection  of  light  (albedo)  is  very  low,  even 
lower  than  that  of  the  moon,  and,  like  that  of  the  moon,  is  rela- 
tively much  stronger  for  surfaces  normal  to  the  line  of  incidence  and 
of  vision  than  for  those  oblique  to  it,  which  is  characteristic  of  a  rough 
surface.  All  this  implies  the  absence  of  an  atmosphere  and  hydrosphere 
of  sufficient  value  to  give  effective  reflection  of  themselves,  or  to  develop 
a  good  reflecting  body  by  smoothing  down  the  surface  and  fiUing  up 
the  pores.  On  the  other  hand,  certain  lines  of  the  planet's  spectrum 
have  been  thought  to  imply  the  presence  of  water-vapor,  but  this  is 
not  conclusive.  The  probabilities  seem  to  be  that  Mercury  has  no 
atmosphere  that  is  effective  as  a  weathering  or  degradational  agent, 
which  is  the  point  of  geologic  interest.  This  brings  the  limit  of  appre- 
ciable atmosphere  much  nearer  Mars  than  the  moon,  and  justifies  the 
provisional  conclusion  that  if  the  yoimg  earth  had  no  more  than  1/20 
of  its  present  mass  it  probably  possessed  no  atmosphere  of  appreciable 
geological  eflSciency,  but  that,  when  it  had  gained  1/10  of  its  present 
mass  (radius  probably  about  2100  miles)  an  appreciable  though  rela- 
tively slight  atmosphere  surroimded  it. 

III.  The  Initial  AT^fosPHERic  Stage. 

The  origin  of  the  atmosphere. — The  origin  of  the  atmosphere  under 
the  gaseo-molten  line  of  evolution  has  become  familiar.  Its  origin 
under  the  accretion  hypothesis  is  so  different  as  to  present  more  points 
of  contrast  than  of  similarity.    When  the  growing  earth  reached  a 

251 ;  No.  n,  Ibid.f  June  1900,  p.  325.  G.  Johnstone  Stoney,  Note  on  Inquiries  as  to 
the  Escape  of  Gases  from  Atmospheres,  Ibid,,  Vol.  XII,  October  1900,  p.  201. 
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mass  sufficient  to  control  the  flying  molecules  of  atmospheric  material, 
there  were  two  sources  from  which  these  could  be  supplied  for  the 
accumulation  of  an  atmosphere,  an  external  and  an  internal  one. 

1.  External  source  of  supply. — ^By  hypothesis,  all  the  atmospheric 
and  hydrospheric  material  of  the  parent  nebula  which  was  not  gathered 
into  the  aggregated  planetesimals  remained  as  free-molecular  planet- 
esimals.  While  the  planetary  nucleus  was  small,  it  could  not  gather 
and  hold  the  lighter  molecules,  even  when  they  collided  with  it,  except 
as  this  was  done  by  occlusion  or  surface  tension,  in  which  case  they 
did  not  form  an  atmosphere.  But  when  the  growing  earth  reached 
the  requisite  mass,  these  free  atmospheric  molecules  were  gathered 
about  it  and  retained  as  an  atmospheric  envelope.  This  would  be  a 
more  abundant  source  of  supply  during  the  nebular  stages  than  after- 
wards, but,  by  hjrpothesis,  it  continues  to  be  a  source  of  some  supply 
even  to  the  present  time,  for  the  very  doctrine  that  postulates  the  loss 
of  such  high-speed  molecules  implies  their  presence  in  space  subject  to 
capture  by  bodies  capable  of  capturing  them. 

The  planetesimals  originated,  by  hypothesis,  from  gaseous  matter 
shot  forth  from  the  ancestral  sim.  Those  portions  which  condensed 
into  aggregated  planetesimals  probably  occluded  within  themselves 
some  atmospheric  material,  much  as  meteorites  and  crystalline  rocks 
of  the  earth  do.  These  planetesimals  were  doubtless  highly  heated 
on  striking  the  earth's  surface,  or  on  entering  its  atmosphere  after 
it  began  to  gather  one,  and  were  thus  probably  forced  by  the  acquired 
heat  to  give  up  a  part  of  their  gases,  as  meteorites  and  rocks  do  when 
heated.  These  expelled  gases  would  be  an  additional  source  of  supply; 
but  the  planetesimal  material  on  cooling  might  be  disposed  to  re-ab- 
sorb gases,  and  the  final  result  might  be  little  or  no  gain;  at  least  this 
seems  an  uncertain  source  of  supply. 

2.  Internal  source  of  supply. — As  the  planetesimals  were  gathered 
into  the  growing  earth-nucleus,  they  carried  their  occluded  gases  in 
with  them,  except  as  the  superficial  portion  might  be  set  free  by  the 
heat  of  impact.  There  were  thus  built  into  the  growing  earth  atmos- 
pheric materials.  So  also,  while  the  nucleus  was  growing,  it  was  sub- 
jected to  the  bombardment  of  free  molecular  planetesimals  of  the 
atmospheric  substances.  In  its  early  stages  it  might  not  be  able  to 
hold  these  as  a  free  gaseous  envelope,  but  to  a  certain  extent,  it  could 
hold,  by  virtue  of  capillary  and  subcapillary  attraction,  such  mole- 
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cules  as  were  driven  into  the  pores  and  other  interstices  of  the  frag- 
mental  surface  arising  from  the  infall  of  the  planetesimals. 

The  extent  to  which  gases  may  be  held  condensed  in  small  solid 
bodies  is  shown  by  meteorites  and  igneous  rocks  to  be  large.  Meteor- 
ites carry,  on  the  average,  several  times  their  volmnes  of  condensed 
gas;  so  do  many,  probably  most,  igneous  rocks  of  the  earth  (Vol.  I, 
pp.  619-620).^  The  testimony  of  the  meteorites  is  peculiarly  significant 
here,  for  they  have  traversed  imknown  depths  of  space  in  a  practical 
vacuum,  in  addition  to  the  vicissitudes  of  their  origin  and  the  heating 
of  their  fall.  Atmospheric  material  is  carried  into  the  earth's  body  by 
them  to-day  in  quantities  that  are  large,  relative  to  their  masses.  Their 
testimony  becomes  the  more  significant  if  we  accept  that  view  of  their 
origin  which  makes  them  but  the  fragments  of  sniall  atmosphereless 
bodies,  built  up  precisely  as  the  early  earth  was  under  this  hypothesis. 
This  view  makes  them  specific  samples  of  the  products  of  the  assigned 
process. 

The  atmospheric  material  thus  condensed  within  the  growing  earth 
could  become  a  part  of  the  atmospheric  envelope  only  by  extrusion. 
The  assigned  modes  of  extrusion  will  be  considered  presently;  mean- 
while it  may  be  assumed  that  these  internal  gases  were  given  forth 
progressively,  and  fed  the  atmosphere. 

The  nature  of  the  initial  atmosphere. — The  contribution  made 
by  the  external  source  of  atmospheric  material  might  include  any 
constituent  of  the  ancestral  sun  that  could  remain  free  in  the  nebula, 
and  be  picked  up  and  held  by  the  earth.  Some  portion  of  the  con- 
stituents of  the  present  atmosphere  may  therefore  be  assigned  to 
this  source.  In  what  ratio  these  constituents  were  contributed  to 
the  nebula  probably  depended  on  their  proportions  in  the  ancestral 
sun,  or  rather  their  proportions  in  that  part  of  the  ancestral  sun  that 
was  dispersed  to  form  the  parent  nebula.  Concerning  this  little  can 
safely  be  said.  Hydrogen  is  apparently  verj^  abundant  in  the  outer 
part  of  the  sun,  but  it  is  doubtful  whether  the  earth  can,  even  now, 
hold  hydrogen  in  a  free  state  permanently  in  any  large  amount.  Of 
the  proportions  of  the  common  atmospheric  constituents  in  the  sun, 
in  a  free  state,  little  is  known. 

^  An  ampler  series  of  analyses  of  gases  occluded  in  rocks,  now  being  made  by 
R.  T.  Chamberlin,  confirms  previous  resvdts  and  seems  to  foreshadow  the  conclusion 
tliat  these  gases  are  retained  with  much  tenacity,  but  are  given  up  on  the  complete 
weathering  of  the  minerals  holding  them. 
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The  gases  chiefly  occluded  in  meteorites  and  in  the  crystalline 
rocks  (Vol.  I,  pp.  619-^20)  are  hydrogen,  carbon  dioxide,  carbon  mon- 
oxide, in  leading  amounts,  and  marsh-gas  and  nitrogen,  in  small  quan- 
tities. It  is  assumed  that  the  gases  of  the  aggregated  planetesimals, 
and  hence  those  of  the  interior  of  the  early  earth  were  of  the  same 
order  of  abundance.  There  is  experimental  ground  for  believing  that, 
at  the  right  temperatiu'es  and  pressures,  hydrogen  would  take  oxygen 
from  ferric  oxide  (which,  from  the  analogy  of  igneous  rocks  and  mete- 
orites, may  be  presumed  to  have  abounded  in  the  earth-material)  and 
therewith  form  water.  The  gases  extruded  from  the  interior  should, 
therefore,  have  been  largely  water-vapor  and  the  carbon  oxides,  with 
minor  quantities  of  hydrocarbons  and  nitrogen.  To  these  might  be 
added  such  chlorine,  sulphm*,  and  other  temporary  gases  as  the  volatile 
ingredients  of  the  rock-material  might  contribute  through  volcanic 
action;  but  these  chemically  vigorous  constituents  would  doubtless 
soon  disappear  by  union  with  the  rock-material.  It  is  probable  that 
carbon  monoxide  would  pass  into  carbon  dioxide,  as  it  does  not  now 
accumulate  in  the  atmosphere,  although  abundantly  produced.  The 
marsh-gas  also  disappears  in  some  way. 

Summary  of  available  material. — The  material  of  internal  deriva- 
tion available  for  the  atmosphere,  therefore,  embraced  chiefly  water- 
vapor,  carbon  dioxide,  and  nitrogen.  Oxygen  is  now  given  forth  in 
some  abundance  by  volcanoes,  but  it  is  not  known  whether  it  really 
comes  from  the  interior,  or  has  merely  been  carried  down  from  the 
surface.  The  reduction  of  ferric  oxide  under  certain  conditions  (the 
reverse  of  the  process  by  which  water  is  assumed  to  have  been  formed) 
might  possibly  give  free  oxygen. 

The  material  of  external  derivation  might  probably  embrace  all 
the  atmospheric  constituents,  but  in  proportions  unknown. 

The  actual  proportions  of  the  atmospheric  gases  determined  by  the 
earth's  gravity. — In  determining  the  actual  proportions  of  the  con- 
stituents of  the  early  atmosphere,  the  abundance  of  the  supply  was 
probably  less  decisive  than  the  power  of  the  earth  to  hold  the  individual 
gases.  As  the  gravity  gradually  increased  by  the  earth^s  growth  from 
an  incompetent  minimum,  its  power  to  control  the  heaviest  mole- 
cules with  the  lowest  velocities  was  acquired  before  its  ability  to  hold 
the  lighter  ones  of  higher  velocities.  According  to  the  kinetic  theorj', 
molecular  velocities  vary  inversely  as  the  square  root  of  the  molecu- 
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lar  weights.  Assuming  this  to  be  correct,  the  leading  constituents 
would  be  held  in  the  following  order,  it  being  noticed  that  molecules, 
not  atoms,  must  be  dealt  with. 

\f  a1<w.ii1<m  Molecular  weights  Average  molecular  velocities 

jnoiecuies.  ^^  round  numbers).  at  0^  C.  in  cm.  per  sec. 

CO, 44  33,259 

O, 32  39,155 

N, 28  41,735 

H3O 18  56,522 

H, 2  169,611 

The  commingling  of  the  gases  introduced  some  modifications  of 
the  limitations  of  retention,  and  these  were  favorable  to  the  lighter 
gases,  but  the  refinements  of  the  case  are  of  no  moment  here. 

Carbon  dioxide  would  be  held  some  appreciable  time  before  oxygen, 
and  still  longer  before  nitrogen,  and  all  these  a  notable  time  before 
the  vapor  of  water.  The  inference  is  that  the  initial  atmosphere  was 
very  rich  in  carbon  dioxide,  for  an  abimdant  supply  was  correlated 
with  a  superior  power  of  retention. 

The  amoimt  of  nitrogen  occluded  in  rocks  and  meteorites  is  rela- 
tively small,  and  it  was  perhaps  a  small  constituent  of  the  early  atmos- 
phere. Owing  to  its  chemical  inertness,  it  may  be  supposed  to  have 
been  increasing  ever  since,  and  thus  to  have  attained  its  present  domi- 
nance. A  similar  history  may  be  assigned  to  the  other,  and  even 
more  inert,  elements,  argon,  neon,  zenon,  krypton,  and  helium,  of 
which  the  supplies  seem  to  have  always  been  very  limited. 

After  the  earth  acquired  the  power  of  holding  water-vapor,  the 
supply  being  abundant,  accession  doubtless  went  on  for  a  time  as 
fast  as  the  capacity  to  hold  increased. 

The  amoimt  of  oxygen  in  the  early  atmosphere  is  more  uncertain 
from  doubt  as  to  the  sources  of  supply.  Crystalline  rocks  and  meteor- 
ites are  not  known  to  contain  it  in  a  free  state.  As  above  remarked, 
it  occurs  among  volcanic  gases,  but  it  is  not  known  that  it  comes  from 
the  deep  interior.  It  is  detected  in  the  sun,  and  not  improbably  existed 
in  the  nebula,  from  which  it  might  have  been  gathered  shortly  after 
the  accretion  of  carbon  dioxide  began.  The  safer  inference  seems 
to  be  that  it  was  not  very  abundant,  relatively,  in  the  very  earliest 
atmosphere  There  are  two  ways  in  which  it  might  have  been  effectively 
increased:    (1)  The  impact  of  the  planetesimals  would  be  felt  at  their 
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highest  velocities  by  the  molecules  of  the  atmosphere  in  its  outer  part, 
where  the  opportunities  for  escape  were  greatest.  The  velocities  of  the 
planetesimals  may  have  been  several  miles  per  second  in  many  cases. 
In  a  certain  proportion  of  cases,  the  planetesimals  would  strike  the 
molecules  in  such  a  way  that  the  rebound  of  the  latter  would  combine 
a  large  proportion  of  the  planetesimal  velocity  with  their  own  previous 
velocity,  and  would  therefore  increase  their  liability  to  escape  from 
the  control  of  the  young  earth.  Now  in  the  impact  of  the  molecules 
of  watery  vapor  with  the  planetesimals,  particularly  when  the  latter 
had  acquired  a  white-hot  temperature,  the  heat  was  sufficient  to  disso- 
ciate the  oxygen  and  hydrogen  in  considerable  proportions,  and  these 
dissociated  elements  would  take  on  the  velocities  appropriate  to  their 
respective  weights,  and  would  act  individually  until  reunited.  The 
mean  velocity  of  hydrogen  is  more  than  four  times  that  of  oxygen, 
and  it  may  be  assumed  that  it  would  be  at  least  four  times  as  liable 
to  escape  from  the  control  of  the  earth.  Such  excessive  escape  would 
leave  a  surplus  of  oxygen,  even  after  the  hydrogen  that  did  not  escape 
had  reunited  with  oxygen,  as  it  would  in  time.  As  the  planetesimal 
impact  was,  by  hypothesis,  a  very  pronounced  phenomenon  during  the 
growing  stages  of  the  earth,  it  is  assumed  that  a  notable  amount  of 
free  oxygen  might  be  accumulated  by  this  dissociative  and  selective 
process,  and  that  this,  yAih  that  from  other  sources,  would  suffice 
for  the  support  of  the  earliest  plant  life,  which,  though  feeding  chiefly 
on  carbon  dioxide,  required  oxygen. 

(2)  As  soon  as  plants  were  introduced,  they  may  be  assumed  to  have 
decomposed  carbon  dioxide,  retaining  the  carbon  and  liberating  the 
oxygen  as  at  present.  While  a  portion  of  this  oxygen  doubtless  re« 
united  with  the  vegetable  matter  on  its  decomposition  later,  the  de- 
composing process  was  probably  never  complete,  and  a  residue  of  free 
oxj'^gen  resulted.  The  oxygen  of  all  the  later  periods  is  probably  mainly- 
derived  from  the  decomposition  of  carbon  dioxide  by  plant  action. 
For  the  primitive  atmosphere  there  is  theoretical  need  for  only 
enough  ox\'gen  to  support  the  primitive  plant  Ufe  until  it  could 
supply  itself,  after  which  it  would  produce  a  surplus. 

In  the  preceding  discussion,  the  feeding  of  the  atmosphere  by  the 
extrusion  of  the  internal  gases  has  been  assumed.  It  is  necessary 
now  to  consider  how  extrusive  action  might  be  initiated,  and  how 
maintained. 
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rV.  The  Initiation  of  Vulcanism.^ 

While  some  extrusion  of  the  gases  condensed  within  the  rock-body 
of  the  earth  may  take  place  quietly  and  continuously,  as  the  result 
of  progressive  contraction  and  of  the  rearrangement  of  material,  and 
by  means  of  diffusion  and  Uke  processes,  there  is  at  present  little  or 
no  observational  ground  for  affirming  that  this  is  a  process  of  much 
moment.  It  is,  however,  held  to  be  such  by  some  eminent  geolo- 
gists.2  The  recent  discoveries  of  radio-active  emanations  from  the 
earth  and  from  ground-waters  are  at  least  interesting  in  this  connec- 
tion, though  it  is  not  now  known  what  permanent  contribution,  if  any, 
these  emanations  make  to  the  atmosphere. 

Vast  quantities  of  gas  are,  however,  shot  forth  by  volcanoes,  or 
more  gently  extruded  from  lavas.  This  is  the  chief  demonstrable — 
as  it  is  the  only  demonstrative — mode  by  which  internal  gases  are 
given  forth.  It  is  by  no  means  the  universal  opinion  of  geologists 
that  these  are  really  interior  gases,  coming  for  the  first  time  to  the 
surface  (Vol.  I,  pp.  621-622,  633-636);  but  the  accretion  hypothesis 
assumes  that  this  is  the  case  for  a  large  part  of  these  gases,  without 
excluding  the  participation  of  surface-water  and  atmosphere  in  pro- 
ducing some  of  the  volcanic  gases. 

The  sources  of  the  requisite  heat. 

If  it  be  granted  that  the  growing  body  contained  abundant  atmos- 
pheric materials,  the  critical  question  arises  whether  an  adequate  de- 
gree of  heat  would  be  developed  within  the  earth  to  actuate  vulcan- 
i.sm  and  force  the  gases  to  the  surface,  when  slow  accretion  is  the 
mode  of  growth  assigned.  The  sources  of  heat  and  the  degree  of 
their  availability  must,  therefore,  be  considered. 

*  Not  improbably  vulcanism  was  initiated  before  the  gravity  of  the  earth  enabled 
it  to  hold  an  external  atmosphere,  as  may  be  inferred  from  the  phenomena  of  the 
moon,  but  it  is  more  convenient  to  treat  vulcanism  after  the  sources  of  atmospheric 
material  have  been  considered.  In  the  main,  the  growth  of  the  atmosphere  and  of 
tlie  hydrosphere  ran  hand  in  hand  with  the  development  of  vulcanism,  under  this 
hypothesis,  and  the  precise  order  of  initiation  of  the  atmosphere  and  of  \'ulcanism 
Is  immaterial.  If  the  agencies  of  vulcanism  did  not  bring  it  into  action  until  after 
the  earth  acquired  the  ability  to  hold  an  atmosphere,  the  latter  would  begin  to  be 
collected  from  without. 

'Suess,  Geogr.  Jour.,  Vol.  XX,  1902,  p.  520.  ;.    ^ 
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(1)  Heat  from  infall. — The  total  amount  of  heat  produced  by 
the  infall  of  the  planetesimals  would  undoubtedly  be  more  than  suffi- 
cient to  melt  the  whole  mass,  if  the  heat  were  all  generated  at  the 
same  instant;  but  if  it  were  generated  in  successive  moieties,  spread 
over  a  long  period,  and  generated  at  the  surface  where  readily  radi- 
ated away,  no  large  amount  might  be  retained,  and  high  internal  heat, 
such  as  required  for  vulcanism,  might  not  be  assignable  to  this  source. 
In  the  present  state  of  knowledge,  the  hypothesis  may  not  unrea- 
sonably be  given  such  a  form  as  to  make  this  source  partially  avail- 
able, by  assuming  that  in  the  early  stages  of  accretion,  while  the  nebular 
planetesimals  were  still  relatively  numerous,  the  collisions  between 
them  and  the  nucleus  were  so  frequent  as  to  make  the  latter  hot.  It 
is  possible  that  mathematical  inquiries,  contemplated  but  not  j-et 
carried  out,  will  show  that  this  was  probable,  and  that  a  rate  of  accre- 
tion so  slow  as  to  give  a  cool  exterior  would  only  come  later,  after  the 
planetesimals  of  the  feeding  zone  had  been  thinned  out.  But  until 
that  can  be  shown,  the  hypothesis  must  face  the  alternative  possi- 
bility that  the  collisions  did  not  succeed  one  another  so  rapidly  as 
to  greatly  heat  the  growing  earth-body  by  impact. 

(2)  Heat  from  quasi-gaseous  condensation  of  the  nucleus. — A  a 
unknown  amount  of  heat  may  have  been  inherited  from  the  nebular 
knot  that  constituted  the  original  earth-nucleus.  This  knot  is  sup- 
posed to  have  consisted  of  an  assemblage  of  small  aggregates  made 
from  the  heavy  molecules  of  the  nebular  material;  in  other  words, 
chiefly  the  metallic  and  the  rock  substances.  This  is  held  to  be  so 
because  these  substances  would  condense  to  the  liquid  and  solid  state 
at  high  temperatures,  and  further  because,  having  low  molecular  veloci- 
ties and  relatively  high  gravity,  they  could  assemble  and  remain  asso- 
ciated by  mutual  attraction,  while  molecules  of  low  weight  and  high 
velocities  could  not.  These  assemblages  were  probably  rotatory  or 
revolutionary,  but  perhaps  rather  irregularly  so,  somewhere  mid- 
way between  a  well-organized  planetesimal  system  and  a  heteroge- 
neous gaseous  or  collision-rebound  system,  and  combining  some  of 
the  qualities  of  each.  The  ingathering  of  planetesimals  from  with- 
out probably  tended  to  increase  the  irregularity,  and  to  cause  the 
assemblage  to  become  more  and  more  gas-like  in  dynamic  nature. 
The  matter  being  rock-substance  or  metallic,  and  hence  partially 
inelastic,  and  the  collisional  velocities  generally  low,  the  mode  of  eon- 
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densation  was  probably  only  in  part  analogous  to  that  of  a  gas,  but 
it  is  possible  that  an  internal  temperature  not  unlike  that  of  a  con- 
densing gas  might  be  developed.  The  young  earth  may,  therefore, 
hav&  inherited  a  hot  nucleus. 

(3)  Heat  from  central  compression. — The  chief  source  of  internal 
heat  is,  however,  assigned  to  the  progressive  condensation  of  the  grow- 
ing body  as  material  was  added  to  its  surface.  The  amount  of  this 
condensational  heat  for  the  full-grown  earth,  computed  on  the  best 
data  now  available,  is  ample  to  meet  all  the  requirements  of  the  known 
geologic  ages,  as  set  forth  under  the  subject  of  internal  temperature 
in  Vol.  I,  pp.  562-563.  That  heat  arising  from  condensation  soleli/ 
would  reach  the  melting  temperature  of  rock  in  a  body  1/20  of  the 
earth's  mass  seems  more  or  less  doubtful;  but  in  a  body  1/10  of  the 
earth's  mass  the  required  conditions  would  probably  be  reached.  The 
requisite  data  are  too  imperfect  for  a  definite  decision  of  this  point 
at  present.  If  the  pits  of  the  moon  (1/81  of  the  earth's  mass)  repre- 
sent volcanic  explosions,  and  not  the  infall  of  planetoids  as  Gilbert 
suggests,^  it  is  necessary  to  postulate  in  its  case  conditions  very  favor- 
able to  the  generation  of  heat  by  compression,  or  else  to  assign  some 
notable  portion  of  the  requisite  heat  to  the  quasi-gaseous  condensa- 
tion of  the  nucleus,  to  the  collisions  of  planetesimals,  and  to  the  source 
next  to  be  considered,  all  of  which  would  necessarily  contribute  some- 
thing to  the  sum  total  of  internal  heat. 

(4)  Heat  from  molecular  rearrangement. — Another  source  of  heat 
lay  in  the  atomic  and  molecular  rearrangement  of  the  material  after 
it  became  entrapped  in  the  growing  mass.  This  was  not  simply  chemi- 
cal recombination,  as  usually  understood,  but  molecular  readjust- 
ment imder  pressure  as  well.  The  planetesimals  were  aggregated,  by 
hypothesis,  in  a  vacuum  of  the  highest  order,  and  with  very  slight. 
mutual  gravity,  and  the  mode  of  molecular  arrangement  was  that 
suited  to  this  extremely  low  pressure.  Under  the  rising  pressure  of 
the  earth's  interior,  new  arrangements  of  the  molecules  into  denser 
combinations  with  lower  specific  heats  are  theoretically  probable,  if  not 
inevitable,  with  the  freeing  of  heat  as  a  consequence.  In  a  sense, 
this  is  a  mode  of  condensation  falling  under  the  previous  head,  but 
it  is  not  identical  with  mere  mechanical  compression,  and  is  not  wholly 
covered  by  computations  based  on  compression. 

>  Bull.  Phil.  Soc.  Washington,  Vol.  XII,  1892,  pp.  241-292. 
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The  hypothetical  mode  of  vulcanism.  —  With  the  detailed  con- 
ceptions now  developed,  the  method  of  volcanic  action,  deduced  from 
the  accretion  hypothesis,  may  be  readily  apprehended,  and  the  vital 
part  which  it  began  to  play  in  earth-history  may  be  realized.  The 
chief  portion  of  internal  heat  being  assigned  to  compression,  the  tem- 
perature must  have  been  highest  at  the  center  and  must  have  declined 
toward  the  surface.  By  referring  to  pages  563-569,  Vol.  I,  the  dis- 
tribution of  pressures,  densities,  and  temperatures  for  the  adult  earth 
will  be  found.  These  elements  must  have  had  the  same  order  of  dis- 
tribution, in  a  general  way,  for  any  of  the  inmiature  stages  of  the 
earth,  but  there  should  have  been  some  differences  in  proportionate 
value  because  sources  (1)  and  (2)  named  above  would  have  become 
negligible  elements  as  the  earth  grew  to  its  maturity. 

Melting  due  to  outward  flow  of  heat. — Pressure  itself  is  probably 
incompetent  to  melt  rock-substances  that  shrink  in  solidifying,  but 
the  high  temperatures  generated  by  pressure  in  the  deep  interior  were 
constantly  moving  outward  into  horizons  of  lower  pressures  where 
the  melting-points  were  lower.  As  the  computed  temperatm-e  at  the 
center  of  the  adult  earth  is  about  20,000°  C.,^  there  would  seem  to  be 
no  lack  of  heat,  in  the  later  stages  at  least.  The  essence  of  the  prob- 
lem lies  in  its  redistribution  and  in  its  selective  action.  Its  initial 
distribution  and  its  outward  flow  have  been  set  forth  in  the  oagcs 
referred  to  in  Vol.  I. 

Selective  fusion. — ^The  material  of  the  interior  was  originally,  by 
hypothesis,  an  intimate  mixture  of  planetesimals  of  various  kinds, 
with  such  gaseous  material  as  they  carried  in,  or  entrapped,  in  the 
process  of  growth.  This  material,  therefore,  presmnably  ranged  from 
the  most  fusible  to  the  most  infusible  of  rock-material  that  could  take 
the  form  of  aggregated  planetesimals.  As  some  of  it  was  probably 
of  the  kind  that  shrinks  much  in  solidifying,  and  some  of  the  kind  that 
shrinks  little  in  solidifying,  and  some,  possibly,  of  the  kind  that  docs 
not  shrink  at  all  in  solidifjdng,  it  is  probable  that  some  of  it  was  brought 
near  or  even  to  the  melting-point  by  pressure,  while  other  parts, 
intimately  intermixed  with  these,  were  far  from  their  melting-points. 
At  any  rate,  the  outward  flow  of  heat,  in  such  a  mixture,  must  bring 
some  parts  to  fusibility  much  before  the  melting-points  of  other  parts 

*  A  more  elaborate  discussion  of  internal  temperatures  due  to  compression,  by 
Mr.  Lumi,  will  soon  be  published  under  the  auspices  of  the  Carnegie  Institution. 
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were  reached.  Local  spots  of  fusion  must  thus  arise.  To  this  fusion, 
the  entrapped  and  occluded  gsuses  may  be  presumed  to  have  contrib- 
uted, and  to  have  joined  themselves  to  the  fused  masses,  and  to  have 
aided  in  giving  them  fluidity. 

The  dynamics  of  ascension. — ^As  the  rise  of  temperature  continued, 
more  and  more  of  the  mixed  material  reached  the  fusing-point,  while 
other  material  so  nearly  approached  it  as  to  become  plastic  and  per- 
mit readjustive  movements.  In  this  way,  fused  parts  were  permitted 
to  join  one  another  and  to  move  in  the  direction  of  least  resistance. 
The  static  pressure  from  the  earth-body  itself  was  always  greatest 
below  and  least  above,  but  was  nearly  constant  for  any  given  short 
period.  The  stresses  arising  from  the  differential  tide-producing 
attractions  of  the  sim  and  moon  were  also  greatest  below  and  least 
above,  but  were  periodic,  stress  and  relief  following  one  another  in 
semi-daily  succession,  giving  a  kind  of  kneading  process  (Vol.  I,  pp.  578, 
579,  and  629-632).  These  interior  stress-differences  are  thought  to  have 
pressed  the  fused  vesicles  outward,  causing  them  to  unite  and  form 
threads  or  stringlets,  which  insinuated  themselves  through  the  more 
refractory  portions  that  remained  solid,  and  at  length  developed  into 
tongues  of  some  volume.  As  these  liquid  threads  or  tongues  rose 
to  higher  horizons  of  lower  pressures,  and  hence  of  lower  melting- 
points,  they  carried  with  them  a  certain  surplus  of  heat  above  that 
required  to  maintain  their  liquidity  in  the  new  horizon,  and  this  sur- 
plus was  available  for  melting  or  fluxing  their  way.  They  were  at 
the  same  time,  however,  subject  to  loss  of  heat  by  contact  with  sur- 
rounding rock  of  lower  temperature.  They  were  thus,  probably,  at 
the  same  time  taking  up  fusible  material  met  in  their  path,  and  deposit- 
ing old  material  as  it  became  less  adapted  to  remain  fluid  under  the 
new  conditions,  either  because  it  had  reached  the  point  of  its  satura- 
tion in  the  mixed  rock-solution  that  had  been  developed,  or  had  cooled 
to  its  point  of  congelation.  The  liquid  thread  was  thus  presumably 
taking  on  and  giving  up  material  continually  as  it  worked  its  way 
outward,  the  process  always  being  selective,  and  involving  the  reten- 
tion of  the  more  soluble  or  more  fusible  portions,  and  the  rejection 
of  the  less  soluble  or  more  refractory  portions.  Since  the  included 
gases  may  be  safely  reckoned  with  the  former  class,  there  was  a  selec- 
tive accumulation  of  these,  and  the  ascending  liquid  became  densely 
charged  with  them.    To  this  ascensive  process,  those  substances  whose 
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weight  overbalanced  the  differential  pressure,  such  as  metallic  iron  and 
possibly  the  heaviest  silicates,  may  be  regarded  as  forming  exceptions. 

Arrested  ascensions  and  attendant  heating.  —  Theory  does  not 
require  that  these  threads  should  all  succeed  in  reaching  the  surface; 
indeed,  it  does  not  require  that  any  should,  in  the  initial  stages,  before 
compression  had  developed  a  great  excess  of  heat  in  the  central  parts. 
The  molten  threads  should  simply  rise  until  their  excess  of  heat,  their 
working  capital,  was  exhausted,  when  they  would  return  to  the  solid 
state  and  constitute  tongue-like  intrusions.  In  doing  this,  they  would 
contribute  heat  to  the  tracts  which  they  invaded.  This,  in  addition  to 
conduction,  was  a  mode  of  conveying  the  intenser  heat  of  the  com- 
pressed central  regions  to  the  higher  horizons,  where  the  original  tem- 
perature and  the  fusion-points  were  both  lower.  The  failure  of  the 
earlier  threads  to  reach  the  surface  would  thus  be  a  means  prepara- 
tory to  the  greater  success  of  later  ones.  The  conditions  for  pene- 
tration would  probably  be  favorable  up  to  the  horizon  where  the  tem- 
perature ceased  to  be  higher  than  the  surface  melting-point.  Below 
this  the  retention  of  the  solid  state  was  wholly  due  to  pressm-e,  the 
temperatures  being  above  the  surface  melting-point.  When  the 
threads  reached  the  higher  zone,  in  which  the  temperature  was  appre- 
ciably below  the  surface  fusing-point,  the  conditions  were  clearly 
adverse,  and  further  ascent  was  dependent  on  a  sufficient  excess  of 
heat,  brought  from  below,  to  maintain  the  liquid  state  while  this 
adverse  tract  was  being  traversed.  It  was  probably  also  dependent 
on  a  fluxing  power  adequate  to  enable  it  to  fuse  its  way  through  the 
solid  zone  of  continuous  rock  that  lies  below  the  fracture  zone.  When 
it  reached  the  latter,  hydrostatic  pressure  and  the  inherent  expansive 
force  of  its  gaseous  content  would  probably  control  its  further  course, 
in  the  main. 

Now,  having  in  mind  that,  at  the  early  stage  imder  consideration, 
the  earth  was  growing,  that  its  internal  self-compression  was  increasing 
apace  with  its  growth,  that  the  heat  was  rising  with  the  compression, 
that  the  temperature  was  highest  at  the  center  and  graded  towards 
the  siuiace,  that  the  heat  was  therefore  always  flowing  toward  the  sur- 
face, and  that  it  was  also  carried  outward  by  the  liquid  threads,  the 
succeeding  steps  may  be  followed  easily. 

Invasion  of  the  fragmental  zone  and  surface  explosions. — The  outer 
part  of  the  young  earth  was  made  up  of  the  recently  fallen  planetesi- 
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mals  and  their  fragments,  and  no  doubt  had  a  much  broken,  open  tex- 
ture. If  there  was,  as  yet,  no  atmosphere  or  hydrosphere,  as  in  the 
case  of  the  moon,  there  was  no  effective  means  for  the  washing  of  fine 
fragments  into  the  interstices  of  the  coarse,  or,  what  is  more  impor- 
tant, for  the  solution  of  the  material  at  the  surface  and  the  cementa- 
tion of  that  below  into  a  solid  mass,  as  is  the  present  habit  on  the  earth; 
in  other  words,  there  was  no  effective  healing  process  to  unite  the  broken 
fragments.  The  porous  clastic  zone 
must,  therefore,  have  extended 
downward  to  a  depth  at  which 
gravity  was  able  to  force  the  frag- 
ments into  continuity  by  its  crush- 
ing effects.  In  a  small  body  this 
zone  would  be  deep. 

WTien  the  rising  lava-tongues 
reached  this  outer  fragmental  zone, 
fluxing  was  no  longer  required,  as 
they  could  force  their  way  by  insinu- 
ation and  by  mechanical  displace- 
ment. It  appears  almost  certain 
that,  in  the  upper  part  of  such  a 

fragmental  zone, the  interstices  would  yig.  32.— Ideal  section  of 
make  up  a  sufficient  part  of  the  vol- 
ume of  the  aggregate  mass  to  reduce 
its  average  specific  gravity  to  a  fig- 
ure below  that  of  the  penetrating 
lava,  even  though  the  latter  might 
be  made  up  of  lighter  material  in- 
herently, and  was  also  hot  and  liquid. 
The  earliest  tongues  of  molten 
material  are  supposed,  therefore,  to 
have  generally  lodged  within  the 
fragmental  zone,  taking  various  plutonic  forms,  as  dikes,  sills,  lacco- 
liths, and  batholiths,  and  to  have  there  given  off  their  gases,  which, 
more  or  less  concentrated  and  condensed,  doubtless  not  infrequently^ 
forced  an  exit  to  the  surface  by  blowing  away  the  overlying  fragmental 
material  (Fig.  32).  The  slight  coherence  of  this  material,  the  low 
gravity  of  the  yoimg  earth,  and  the  absence  or  scantiness  of  a  resisting 


a  portion  of 
the  early  earth,  illustrating  its  as- 
signed modes  of  vulcanism.  C,  cen- 
ter; Sf  surface;  a-a'f  fragmental 
zone;  a'-/,  zone  of  continuous  rock 
below  surface  melting  temperature; 
//-c,  interior  portion  whose  tempera- 
tures rise  from  the  surface  melting- 
point  at  /-/  to  a  maximum  at  C;  V,  V, 
threads  or  tongues  of  molten  rock 
rising  from  the  interior  to  various 
levels,  many  of  these  lodging  within 
the  fragmental  zone  as  tongues, 
batholiths,  etc.;  PPP,  explosion  pits 
formed  by  volcanic  gases  derived  from 
tongues  of  lava  below. 
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atmosphere  should  combine  to  give  to  the  pit-forming  effects  extraor- 
dinary magnitude,  such,  perhaps,  as  the  moon  exhibits  (Vol.  I,  pp.  597- 
598). 

Volcanic  action  not  necessarily  antecedent  to  the  atmosphere. — It  is 
not  necessary  to  the  hypothesis  to  suppose  that  volcanic  action  was 
an  essential  preliminary  to  the  acquisition  of  an  atmosphere,  nor  that 
it  came  into  function  before  the  earth  acquired  an  atmosphere,  for 
the  initial  atmosphere  may  have  been  supplied  from  external  sources. 
The  apparent  vigor  and  the  wide  prevalence  of  volcanic  action  on  the 
moon,  if  its  pitted  surface  means  vulcanism,  as  well  as  the  glassy  material 
found  in  meteorites,  whose  origin  is  referred  preferably  to  small  atmos- 
phereless  bodies,  favors  the  view  that  the  internal  gases  were  given 
forth  abundantly  before  the  earth  grew  to  a  mass  sufficient  to  hold 
them.  If  this  were  true,  an  ample  source  of  atmospheric  supply  was 
ready  and  waiting  when  the  earth  first  acquired  sufficient  gravity  to 
clothe  itself  with  a  gaseous  envelope. 

V.  The  Initial  Hydrospheric  Stage. 

The  origin  of  the  ocean. — ^WTien  the  increasing  water-vapor  of  the 
growing  atmosphere  reached  the  point  of  saturation,  it  took  the  liquid 
form  and  became  a  contribution  to  the  hydrosphere.  Probably  con- 
densation had  occurred  within  the  fragmental  zone  long  before  the 
external  atmosphere  reached  saturation.  The  hydrosphere,  there- 
fore, probably  had  its  birth  underground,  and  so  long  as  the  fragmental 
zone  retained  its  highly  porous  condition,  it  was  what  its  name  implies, 
a  veritable  sphere  or  spheroidal  layer.  As  the  water  increased  it 
rose  to  the  surface,  and  doubtless  first  appeared  in  the  innumerable 
pits  resulting  from  the  previous  volcanic  action,  and  in  the  depressions 
resulting  from  other  deforming  agencies.  Its  surface  deplojonent  is, 
therefore,  pictured  as  a  growth  from  innumerable  lakelets,  scattered 
with  unknown  promiscuousness  over  the  face  of  the  young  planet,  into 
more  and  more  enlarged  and  confluent  bodies,  until  at  length  they 
developed  into  the  vast,  irregular  oceans  of  to-day.  This  evolution  is 
of  fundamental  geologic  importance,  for  it  involves  the  origin  of  the 
ocean  basins  and  of  the  continental  platforms,  and  these  constitute 
at  once  the  grand  topographic  features  of  the  globe,  the  great  integers 
of  deformation,  and  the  controlling  physical  factors  in  the  evolution 
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of  life.    The  evolution  of  the  ocean  basins  and  the  continental  plat- 
forms under  this  hypothesis  is,  however,  exceedingly  simple. 

The  evolution  of  oceanic  basins  and  continental  platforms. 

With  the  acquisition  of  an  atmosphere  and  hydrosphere,  the  con- 
ditions for  weathering  were  present,  and  all  those  attendant  processes 
of  a  gradational  nature  which  constitute  the  dominant  surface  work 
of  to-day,  and  which  have  been  sketched  at  length  in  Volume  I,  were 
inaugurated. 

Contrasted  effects  of  weathering  and  protection  by  submergence. — 
For  the  present  study,  two  featiu-es  of  these  gradational  processes  over- 
shadow all  others:  (1)  the  weathering  and  leaching  action  on  the  land,  and 
(2)  the  relative  protection  under  the  water-bodies.  The  chemical  changes 
wrought  by  the  weathering  of  the  surface  of  the  land  have  been  set 
forth  in  Volume  I  (pp.  41-43,  422,  426-430,  474-485).  The  essence 
is  this:  through  the  action  of  the  atmosphere  and  atmospheric  waters, 
the  basic  material  is  more  largely  dissolved  and  carried  away  than 
the  acidic.  When  the  weathering  is  thorough,  the  residue  is  chiefly 
quartzose  sand — if  the  original  rock  contained  quartz — and  various 
residual  earths  and  clays  which  are  essentially  silicious  silts  and 
aluminum  silicates,  with  a  low  percentage  of  the  basic  oxides.  If  these 
earths  and  clays  are  turned  back  into  crystalline  rocks  by  metamorphism, 
they  form  acidic  schists  or  gneisses,  while  the  quartzose  sand  becomes 
quartzite.  The  material  borne  away  in  solution  consists  mainly  of 
compounds  of  the  alkalies  and  alkaline  earths.  A  part  of  this  is  rede- 
posited  within  the  zone  of  the  hydrosphere  beneath  the  land,  and  a 
part  is  borne  to  the  sea  and  remains  in  solution,  or  is  deposited  beneath 
it.  Although  some  decomposition  takes  place  in  the  zone  of  the  hydro- 
sphere beneath  the  land,  and  some  also  beneath  the  permanent  water- 
bodies,  it  is  clearly  less  than  that  which  takes  place  in  the  zone  of  the 
atmosphere,  and  this  difference  in  the  sum  total  of  work  done,  is  all 
that  need  here  be  considered.  There  can  be  no  question  that  the  land 
areas  lose  by  leaching,  and  the  water  areas  gain  correspondingly.  The 
general  effect  is  an  increase  in  the  acidity  and  a  reduction  of  the  specific 
gravity  of  the  land  material.  This  includes  the  land  wash  deposited 
on  the  borders  of  the  continents. 

Areal   differentiation  by  selective   action. — Now  when  the  growing 
hydrosphere  crept  up  to  the  surface  and  covered  the  lower  tracts, 
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a  selective  action  of  this  kind  began.  The  surface  material  of  the 
areas  that  remained  exposed  lost  more  of  its  basic  than  of  its  acidic 
constituents,  while  the  submerged  material  lost  less,  and  perhaps  gained 
something  by  the  redeposition  of  the  matter  borne  in  from  the  land. 
As  the  planetesimals  were  being  gathered  in  on  land  and  water  alike, 
those  that  fell  on  the  land  suffered  some  atmospheric  change,  while 
those  that  fell  into  the  water  were  mainly  protected  from  it.  As  this 
differential  action  affected  each  successive  layer  of  growth  after  the 
accumulation  of  surface  waters  began,  the  specific  gravity  of  the  land 
areas  came  to  be  less  than  that  of  the  submerged  areas. 

Permanent  versus  temporary  effects.  —  It  is  not  the  temporary 
specific  gravity  that  resulted  from  the  change  of  physical  state  involved 
in  disintegration  that  is  to  be  considered  here,  but  rather  what  may 
be  termed  the  inherent  or  permanent  specific  gravity,  i.e.,  the  specific 
gravity  that  would  be  retained  after  any  metamorphism  which  the 
material  might  probably  suffer  in  the  future  had  taken  place.  So 
likewise  it  is  not  the  temporary  chemical  combinations  arising  inmie- 
diately  from  the  weathering,  but  the  potential  future  combinations 
that  are  significant.  For  example,  any  rock  likely  to  arise  from  the 
residual  sands,  earths,  and  clays  by  any  probable  metamorphism,  or 
even  by  remelting,  would  have  a  lower  specific  gravity  than  the  original 
average  rock,  or  than  any  rock  likely  to  be  developed  from  the  alkalies 
and  alkaline  earths  removed  by  the  leaching  process  in  connection 
with  the  original  rock.  The  leaching  of  the  land  material  had,  there- 
fore, a  permanent  effect  on  its  specific  gravity,  an  effect  not  eliminated 
by  any  probable  change  resulting  from  its  burial  imder  later  accumula- 
tions. The  earth  segments  built  up  by  accretion  on  the  land  were 
hence  lighter  than  the  segments  built  up  imder  the  waters,  and  the 
difference  increased  as  the  segments  grew  in  thickness. 

The  progressive  depression  of  water-covered  areas. — It  follows  from 
the  greater  weight  of  the  water-covered  segments  that  the  compression 
beneath  them,  as  they  became  more  and  more  weighted  with  incoming 
material,  was  greater  than  the  compression  beneath  the  land-segments, 
and  hence  the  water-covered  areas  were  depressed  relatively  more 
than  the  land-areas.  The  waters  drawn  in  upon  the  depressed  seg- 
ments augmented  the  depressing  effects  due  to  difference  in  specific 
gravity. 

It  is  not  necessary  to  suppose  that  there  was,  at  the  outset,  a 
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general  or  continuous  covering  of  certain  large  areas  by  water,  and 
a  general  and  continuous  prevalence  of  land  in  other  regions,  but  merely 
that  over  certain  portions  of  the  globe  water-areas  were  more  abundant 
than  over  other  areas.  Where  water  predominated,  it  may,  at  first, 
have  taken  the  form  of  nimierous  small  bodies.  Such  areas  of  preva- 
lent water  would,  on  the  average,  become  heavier  than  other  areas,  and 
hence,  acting  more  or  less  as  imits,  would  become  more  depressed. 
This  excess  of  depression  would  extend  the  water-covered  areas,  and 
draw  water  away  from  areas  less  depressed,  and  this  water  would  add 
its  weight  to  the  previous  excess;  and  so,  by  progressive  and  cumula- 
tive action,  develop  the  great  water-areas  and  differentiate  them  from 
the  chief  land-areas.  The  tendency  would  always  be  toward  the  more 
complete  imification  of  the  land-areas  and  water-areas  respectively. 

So  long  as  the  earth  continued  to  grow  appreciably  by  accessions, 
the  water-areas  should  continue  to  grow  larger  and  deeper,  and  the 


Fio.  32a. — ^Diagram  intended  to  iUustrate  the  evolution  of  the  ocean  basins  under  the 
planetesimm  hypothesis.  /  represents  an  early  stage  in  the  evolution  of  the  hydro- 
sphere when  it  was  largely  subterranean,  being  held  in  the  porous  zone  and  only 
appearing  at  the  surface  in  the  volcanic  pits  developed  by  explosive  \'ulcanism  of 
the  supposed  lunar  type.  These  are  somewhat  more  abundant  in  the  regions  of 
B  B  than  in  that  of  C.  II  represents  a  more  advanced  stage  in  which  the  crater 
lakes  of  the  regions  B.Bhad  become  largely  confluent,  giving  the  interrupted  water 
areas  B\B',  while  the  region  C  had  become  the  more  protuberant  area  C,  which  was 
chiefly  land.  ///  shows  the  further  progress  of  the  aggregation  of  the  water,  the 
relatively  greater  depression  of  the  oceanic  basins,  B  ,^",  and  the  protrusion  of 
the  continent,  C". 

land-areas  narrower  and  higher,  so  far  as  this  one  process  is  concerned 
(Fig.  32a).    The  wash  from  the  land  tended  to  build  its  borders  out 
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into  the  water-basins,  and  other  influences  modified  the  results,  but 
the  deepening  and  spreading  of  the  water-basins  is  believed  to  have 
been  a  markedly  dominant  process  during  the  earth's  growth.  After 
growth  ceased  and  modern  processes  became  dominant,  a  more  nearly 
balanced  relation  of  sea  and  land  is  thought  to  have  ensued,  with  a 
close  approximation  to  constancy. 

Configuration  of  basins  accidental  or  sjrstematic? — The  amount  of 
the  original  depression  of  the  areas  occupied  by  the  water  is  assumed 
to  have  been  slight,  and,  we  prefer  to  think,  accidental,  so  to  speak. 
There  may  have  been  systematic  causes  that  determined  the  relative 
depression  of  certain  broad  tracts  and  the  relative  elevation  of  others, 
such  as  some  systematic  difference  in  the  infall,  or  some  rotational 
change,  or  some  inherent  tendency  to  shrinking  in  certain  particular 
ways,  as  for  example  that  held  by  advocates  of  a  tetrahedral  earth  ;i 
but  it  is  not  clear  that  the  actual  distribution  of  depressions  and  eleva- 
tions points  to  such  systematic  agencies.  The  elevated  and  depressed 
tracts  of  the  moon  seem  to  have  a  distribution  quite  imlike  those  of 
the  earth,  and  those  of  Mars,  if  the  lighter  and  darker  areas  are  cor- 
rectly interpreted  as  elevated  and  depressed  tracts,  are  quite  different 
from  those  of  either  earth  or  moon.  Each  seems  to  be  a  law  unto 
itself,  if  such  irregular  distributions  can  be  styled  a  law  at  all.  Our 
hypothesis  requires  nothing  more  than  the  inevitable  slight  differences 
of  growth,  of  volcanic  activity,  of  compression,  and  their  joint  effects. 
Starting  with  only  such  slight  differences  as  were  sufficient  to  give 
preponderance  in  large  tracts  in  favor  of  the  water  or  of  the  land,  the 
selective  and  self-propagating  nature  of  the  process  may  have  done 
the  rest. 

Smallness  of  the  differentiating  action. — If  it  be  assumed  that  the 
earth's  growing  hydrosphere  appeared  at  the  surface  when  our  planet 
had  attained  the  mass  of  Mars,  whose  radius  is  about  2100  miles,  the 
subsequent  growth  would  form  a  shell  about  1900  miles  thick.  It 
is  not  altogether  certain  that  Mars  bears  water-bodies  on  its  surface, 
but  the  areas  of  greenish  shade,  environed  by  a  surface  generally  ruddy, 
the  polar  white-caps  C'  snow-caps '')  that  come  and  go  with  the  seasons, 
and  the  apparent  occasional  presence  of  clouds,  not  to  appeal  to  the 
evidence  of  aqueous  absorption-lines  in  the  spectrum  reported  by  some 
good  observers,  but  unconfirmed  by  others,  lend  some  support  to  the 

*  Emerson,  Presidential  Address.     Geol.  Soc.  Am.,  Vol.  II,  pp.  61-106,  1000. 
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opinion  that  water  is  present,  though  perhaps  not  in  the  form  of  definite 
water-bodies. 

It  has  been  inferred  from  the  almost  complete,  and  sometimes  total, 
disappearance  of  the  polar  white-caps  in  summer,  and  from  other 
phenomena,  that  the  climate  of  Mars  is  phenomenally  mild  considering 
its  distance  from  the  sun.  This  has  been  regarded  as  all  the  more 
puzzling  because  of  the  scantiness  of  the  Martian  atmosphere,  but  it 
is  what  might  be  expected  if  Mars'  atmosphere  is  like  that  assigned 
the  earth  when  it  had  similar  size,  i.e.,  composed  largely  of  the  heat- 
absorbing  carbon  dioxide. 

Without  attempting  to  fix  the  precise  stage,  it  is  not  imreasonable 
to  assume  that  surface-waters  had  begun  their  accumulation  upon  the 
earth's  exterior  while  yet  it  lay  1500  to  1800  miles  below  the  present 
surface.  The  present  difference  between  the  radii  of  the  oceanic  basins 
and  the  radii  of  the  continental  platforms  is  scarcely  three  miles,  on 
the  average,  so  that  if  the  continental  segments  be  assumed  to  be 
in  approximate  hydrostatic  equilibrium  with  the  oceanic  segments 
to-day,  as  seems  highly  probable,  the  selective  weathering  process 
brought  about  a  difference  in  depression  of  only  one  mile  in  500  or 
600  miles,  or  about  one  fifth  of  one  per  cent.  We  appear,  therefore,  to 
be  laying  no  heavier  burden  upon  weathering  than  it  is  competent  to 
bear.  It  might  well  be  thought  to  do  much  more,  but  the  process 
of  weathering  is  very  slow,  and  as  new  material  was  constantly  falling 
in  and  burj'^ing  the  old,  partial  alteration  was  all  that  could  take  place; 
and  besides,  a  part  of  the  basic  material  leached  from  the  siu'face  was 
redeposited  beneath  the  ground-water  of  the  land,  and  was  not  lost 
to  the  continental  segments. 

Not  only  is  the  evolution  of  the  great  abysmal  basins  and  of  the 
continental  platforms  thus  assigned  to  a  very  simple  and  inevitable 
process,  but  there  is  therein  laid  the  f oimdation  for  subsequent  deforma- 
tions of  the  abysmal  and  continental  type. 

VI.  The  Initial  Life  Stage. 

There  is  no  direct  evidence  as  to  the  time  or  the  method  of  the 
introduction  of  life  upon  the  earth.  The  earliest  legible  record  of 
life,  in  the  form  of  fossils,  bears  evidences  of  great  advances  in  evolu- 
tion along  many  divergent  lines.    The  inference  is,  therefore,  impera- 
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tive  that  the  initial  forms  of  life  had  been  introduced  long  before,  or 
«lse  that  an  evolution  quite  out  of  harmony  with  that  which  succeeded, 
took  place  in  the  unknown  interval  antecedent  to  the  record.  Whence 
the  life  was  introduced  is  also  quite  unknown.  The  speculation  that 
it  might  have  been  brought  to  the  earth  from  some  other  celestial 
tody  by  a  fragment,  in  the  form  of  a  meteorite,  is  merely  a  refuge 
from  supposed  geological,  biological,  and  philosophical  difficulties — 
a  merely  temporary  refuge  in  the  face  of  prodigious  improbabilities, 
for  it  only  throws  back  the  problem  of  life-genesis  without  solving  it. 
There  is  nothing  in  known  meteorites,  save  perhaps  the  existence 
of  hydrocarbons  equally  assignable  to  inorganic  som-ces,  to  indicate 
that  they  came  from  worlds  with  atmospheres  and  hydrospheres  suited 
to  maintain  such  life  as  the  problem  presents.  On  the  contrary,  there 
are  the  best  of  groimds  for  believing  that  meteorites  came  from  bodies 
in  which  the  essential  conditions  of  life  were  wanting;  for,  besides  the 
absence  of  free  oxygen  and  water,  there  is  an  absence  of  the  products 
assignable  to  weathering  and  to  those  rock-changes  that  spring  from 
the  presence  of  an  atmosphere  and  hydrosphere.  These  embrace  a 
large  portion  of  all  known  rocks  in  the  outer  part  of  the  earth,  such 
as  are  characterized  by  quartz,  orthoclase,  the  acid  plagioclases,  the 
micas,  the  amphiboles,  etc.  ( Vol.  I,  p.  467),  as  well  as  the  sedimentary 
rocks.  The  absence  of  these  in  the  meteorites  is  peculiarly  significant, 
because  of  their  abundance  in  the  earth.  The  hypothesis  of  the  foreign 
importation  of  life  encounters  a  special  difficulty  under  the  accretion 
hypothesis,  in  that  the  planets  were  all  forming  at  the  same  time.  Under 
the  other  hypotheses,  the  outer  planets  may  have  formed  earlier  than 
the  inner  ones,  and  an  earlier  evolution  of  life  may  have  taken  place 
in  one  of  the  older  planets,  whence  a  transference  to  the  earth  is  barely 
conceivable.  Under  the  accretion  hypothesis  even  this  is  not  a  tenable 
refuge,  and  transfer  from  some  other  stellar  system  is  the  only  obvious 
recourse. 

Available  time. — ^The  accretion  hypothesis  affords  an  undetermined 
lapse  of  time  between  the  stage  when  conditions  congenial  to  life  were 
first  possible,  and  the  stage  when  the  first  fairly  legible  record  was 
made  in  the  Cambrian  period.  To  this  unmeasured  period  the  whole 
pre-record  evolution  of  life,  whatever  be  its  method,  may  be  referred, 
with  every  presumption  that  the  time  was  ample,  and  there  is  no  occa- 
sion for  an  evasion  of  the  profound  problem  of  life-genesis  by  referring 
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*  it  to  some  distant  and  unknown  body.  Nor  is  the  problem  vexed  by 
duress  of  severe  time-limits.  A  theoretical  scantiness  of  time  for  a 
prolonged  evolution  previous  to  the  Cambrian  period  has  been  deduced 
from  a  molten  earth,  but  this  does  not  apply  to  the  accretion  hypothesis. 
The  supposed  limitation  of  the  sun's  thermal  endurance  would  apply 
if  the  arguments  could  be  trusted,  but  their  foundation  has  been  cut 
away  by  recent  discoveries  (Vol.  I,  pp.  556-557).  It  is  not  the  least 
of  the  virtues  of  the  accretion  hypothesis  that  it  opens  the  way  to  a 
study  of  the  problem  of  the  genesis  and  early  evolution  of  life  free 
from  the  duress  of  excessive  time-limits  and  of  other  theoretical  hamper- 
ings,  and  leaves  the  solution  to  be  sought  untrammeled,  except  by 
the  conditions  inherent  in  the  problem  itself,  which  are  surely  grave 
enough. 

The  agency  and  the  mode  of  genesis  of  terrestrial  life  are  primarily 
biological  questions,  and  as  biology  has,  as  yet,  no  solution  to  offer, 
these  greatest  of  problems  will  not  be  considered  here.  The  specially 
geological  questions  relate  to  the  stage  at  which  the  requisite  condi- 
tions for  life  were  provided,  to  the  special  features  of  those  conditions, 
and  to  the  period  available  for  evolution  previous  to  the  Cambrian 
records. 

When  were  the  conditions  requisite  for  life  first  provided  ? — It  is 
assumed  that  the  conditions  on  which  life  is  now  dependent  were  pre- 
requisites to  its  introduction.  As  already  indicated,  an  atmosphere 
and  a  hydrosphere  sufficient  to  sustain  life  may  have  been  acquired 
when  the  earth  was  about  the  size  of  Mars,  or  one  tenth  grown.  If, 
to  be  conservative,  a  preliminary  growth  of  twice  this  amount  be 
aUowed,  there  still  remains  between  this  and  the  Cambrian  recced  the 
growth  of  four  fifths  of  the  mass  of  the  earth.  So  far,  therefore,  as 
atmosphere  and  hydrosphere  are  concerned,  life  may  have  been  intro- 
duced early  in  the  history  of  the  earth,  and  may  have  had  a  vast  interval 
for  development  previous  to  the  earliest  legible  record.  There  is 
another  essential  condition,  a  sufficiency  but  not  an  excess  of  heat 
and  light.  If  the  formation  of  the  parent  nebula  involved  only  the 
outshooting  of  a  small  fraction  of  the  ancestral  sun,  the  solar  supply 
of  heat  and  light  may  not  have  been  so  seriously  disturbed  as  to 
have  fatally  affected  its  ability  to  furnish  what  was  necessary  for  life 
at  any  stage  of  the  earth's  growth.  The  planetesimals  between  the 
earth  and  the  sun,  during  the  early  stages  before  they  were  much  swept 
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up  by  the  inner  planets,  may  have  screened  off  some  appreciable  part  of 
the  sun's  heat  and  light;  but  the  ratio  of  nebular  matter  to  space  was 
probably  too  small  to  render  this  loss  critical.  So  long  as  the  nebula 
itself  remained  luminous,  the  nebular  light  compensated  in  greater  or 
less  degree  for  the  solar  light  cut  off,  but  perhaps  not  for  the  heat. 
The  nebulous  surroimdings  of  the  gro^ng  earth  must  have  somewhat 
reduced  the  loss  of  heat  by  radiation  into  space,  and  so  have  made 
some  compensation. 

Autogenic  heat  and  light.  —  There  was,  however,  a  terrestrial 
source  of  heat  and  light  of  critical  importance,  namely,  that  arising 
from  the  infaU  of  the  planetesimals.  If  this  infall  were  at  a  rate  suf- 
ficient to  heat  the  surface  of  the  earth  above  100°  C,  life  of  the  present 
types  would  have  been  prohibited.  The  present  stage  of  the  inquiry 
does  not  permit  any  very  confident  opinion  as  to  whether  this  excess 
was  reached  or  not.  Leaving  this  question  open,  it  is  to  be  noted  that 
if,  at  the  stage  when  first  an  atmosphere  and  hydrosphere  could  be  held, 
the  infall  of  planetesimals  was  so  rapid  as  to  heat  the  surface  to  a  pro- 
hibitive temperature,  the  rate  of  infall  must  almost  certainly  have 
declined  as  the  niunber  of  planetesimals  in  the  earth's  feeding-zone 
was  diminished;  so  that,  long  before  the  supply  was  exhausted  and 
growth  ceased,  the  rate  must  inevitably  have  fallen  below  the  prohibit- 
ive limit.  If,  therefore,  the  earth  were  too  hot  for  life  when  one 
fifth  grown,  its  temperature  might  have  become  suitably  mild  when 
one  fourth,  one  third,  one  half,  or  three  fourths  grown.  Growth  after 
this  permissive  stage  was  reached  would  be  slow,  and  the  period 
required  for  its  completion  would  still  be  long. 

Transition  to  complete  solar  dependence. — In  the  early  stages, 
the  danger  seems  to  be  all  on  the  side  of  too  great  heat.  Even  if  the 
sun's  heat  were  much  less  than  now,  the  heat  of  planetesimal  infall 
would  probably  make  up  the  deficiency  and  more.  The  infall  would 
continue  to  be  a  source  of  home  supply  so  long  as  the  accretion  con- 
tinued, declining  as  the  supply  of  planetesimals  diminished.  This 
diminution  of  the  supply  cleared  the  space  between  the  earth  and  the 
sun,  and  gradually  brought  the  latter  into  full  function.  There  would, 
therefore,  be  a  gradual  passage  from  the  partial  dependence  on  the 
home  supply  of  heat  and  light,  to  complete  dependence  on  the  solar 
supply.  There  is  little  ground  for  apprehension  that  the  infalling 
planetesimals  would  be  seriously  dangerous  to  the  early  forms  of  life. 
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for,  in  the  first  place,  the  atmosphere  must  have  been  then,  as  now, 
an  effective  cushion  checking  the  speed  of  the  planetesimals  and 
partially  dissipating  them,  and,  in  the  second  place,  the  early  organisms 
were  probably  all  aquatic  and  were  fiu-ther  protected  by  their  water- 
covering. 

Changes  in  the  atmosphere  inaugurated  by  the  introduction  of  life. — 
The  introduction  of  organic  activity  brought  into  play  those  chemical 
processes  that  have  been  sketched  in  general  terms  in  Chapter  XI 
of  Volume  I.  The  changes  in  the  composition  of  the  atmosphere  are 
especially  important.  It  has  been  shown  (p.  97)  that  the  primitive 
atmosphere  probably  contained  a  preponderance  of  carbon  dioxide, 
and,  a  little  later,  carried  all  the  water-vapor  that  it  could  hold  under 
the  prevailing  temperatures,  while  the  amoimt  of  nitrogen  was  not 
improbably  low,  and  that  of  oxygen  uncertain.  If  only  there  were 
oxygen  enough  to  serve  the  fimctions  of  plant  life  at  the  outset,  the 
existing  large  content  of  oxygen  could  probably  all  have  arisen  from 
subsequent  plant  action.  It  is  merely  necessary,  therefore,  to  assume 
(1)  that  the  carbon  dioxide  was  not  too  abundant  to  prohibit  the  devel- 
opment of  the  early  plants,  (2)  that  the  oxygen  was  sufficient  for  their 
vital  processes,  and  (3)  that  the  nitrogen  was  much  less  abundant  than 
now,  to  give  a  good  working  basis  for  the  evolution  of  the  present  very 
different  atmosphere.  Assuming  that  green  (photosynthetic)  plants  were 
first  introduced,  and  that,  imtil  some  time  later,  there  were  no  animals 
or  predaceous  plants  that  decomposed  the  carbon  compounds  pro- 
duced by  the  green  plants,  the  effect  of  plant  Ufe  on  the  atmosphere 
would  be  to  reduce  its  carbon  dioxide  and  increase  its  free  oxygen. 
If  there  were  no  check  or  offset  to  this  process,  a  relatively  short  time 
would  suffice  for  the  conversion  of  an  atmosphere  of  dominant  carbon 
dioxide  to  one  of  dominant  oxygen.  If  the  present  vegetation  can 
remove  the  present  content  of  carbon  dioxide  in  one  hundred  years 
(see  pp.  639-644,  645,  Vol.  I),  an  amount  of  carbon  dioxide  as  great  as 
the  whole  atmosphere  of  toKlay  might  be  changed  to  oxygen  in  about 
300,000  years  by  an  equally  active  vegetation.  The  early  plant  action 
may  have  been  much  less  efficient  than  that  of  to-day,  and  the  requisite 
period  might  be  correspondingly  lengthened,  but  it  might  still  be 
geologically  short.  Besides,  the  early  atmosphere,  by  hypothesis,  was 
much  less  abundant  than  the  present  one,  and  probably  much  more 
active  in  the  carbonation  of  rocks. 
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It  is  assumed  that  life  requiring  a  high  content  of  oxygen  did  not 
appear  until  after  the  composition  of  the  atmosphere  had  been  suitably 
changed  in  this  way.  After  oxygen-consuming,  carbon-dioxide-freeing 
organisms  came  into  existence,  the  reciprocal  action  of  the  two  classes 
of  life  tended  to  maintain  an  equilibrium,  though  not  an  equality, 
between  the  oxygen  and  the  carbon  dioxide  in  the  air.  At  the  same 
time,  the  carbon  dioxide  was  continually  uniting  with  the  rock-sub- 
stance of  the  outer  part  of  the  earth,  as  it  does  now,  and  was  thus  being 
removed  from  the  atmosphere.  The  same  is  true  of  the  oxygen,  but 
probably  then,  as  now,  oxidation  was  less  active  and  prevalent  than 
carbonation.  And  so  the  combined  result  of  plant  life  and  of  inorganic 
action  was  to  bring  down  the  content  of  carbon  dioxide  to  a  subordinate 
place.  The  nitrogen,  being  relatively  inert,  gradually  acciunulated 
and  has  now  become  much  the  most  abundant  constituent. 

The  great  factors  now  all  at  work. 

So  soon  as  plants  and  animals  had  come  into  action,  all  the  great 
factors  potential  in  the  earth's  physical  evolution  were  in  play.  Only 
the  psychologic  element  remained  to  become  a  potential  factor  late 
in  the  history.  But  though  all  were  in  function,  their  relative  parts 
were  by  no  means  equal,  and  the  future  stages  were  marked  by  the 
successive  dominance  of  one  or  another  leading  agent.  The  first  of 
these  was  the  dominance  of  vulcanism. 


VII.  The  Climax  of  Volcanic  Action. 

By  hypothesis,  volcanic  action  only  began  some  time  after  the 
beginning  of  the  earth's  growth,  for  it  was  delayed  (1)  by  the  lack 
of  sufficient  compression  in  the  central  parts  to  give  the  requisite  heat, 
and  (2)  by  the  time  required  for  this  central  heat  to  move  out  to  zones 
of  less  pressure,  where  it  would  suffice  to  liquefy  the  more  fusible  con- 
stituents. But  once  begun,  it  gradually  increased  in  actual  and  in 
relative  importance  until  it  reached  its  climax.  This  obviously  came 
much  later  than  the  climax  of  growth,  for  it  was  dependent  on  the 
growth  to  give  the  increased  compression  from  which  arose  the  central 
heat  on  which  the  vulcanism  depended.  And  so,  owing  to  the  sources 
of  delay  just  cited,  the  maximum  of  volcanic  action  must  have  lagged 
much  behind  the  accession  of  the  material  which  remotely  actuated 
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it.  It  is,  therefore,  inferred  that  vulcanism  continued  to  increase  in 
activity  long  after  growth  had  entered  on  its  decline,  and  that  there 
was  an  important  period  in  which  the  dominant  activity  was  volcanic. 

The  ratio  of  the  volcanic  products  to  the  accessions  and  to  the  deriv- 
atives.— It  is  conceived  that  in  the  late  stages  of  the  earth's  growth 
the  amomit  of  material  poured  out  on  the  surface  in  molten  form,  or 
introduced  into  the  outer  parts  of  the  earth  from  below,  was  very  much 
greater  than  the  accessions  from  without.  Still  later  these  declining 
accessions  were  so  overwhelmed  by  the  igneous  extrusions  that  they 
became  indistinguishable  contributions.  In  this  stage,  too,  it  is  held 
that  the  modifications  wrought  by  the  atmosphere,  the  hydrosphere, 
and  organic  life  were  also  quite  subordinate  to  the  volcanic  contribu- 
tions. Disintegration  is  assumed  to  have  gone  little  farther,  usually, 
than  to  partially  reduce  rocks  of  the  granitoid  type  to  arkoses,  and 
those  of  the  basic  type  to  wackes.  Rather  rarely,  it  is  believed,  was 
much  pure  quartzose  sand,  aluminous  clay,  or  similar  well-decom- 
posed residuary  material  accumulated ;  rarely,  also,  much  carbonaceous 
shale.  Arkoses  and  wackes,  when  metamorphosed  later,  took  on  such 
a  similitude  to  igneous  rocks  as  to  be  more  or  less  unidentifiable. 

The  Archean  complex. — The  formations  of  this  period  of  volcanic 
dominance,  with  very  subordinate  clastic  accompaniment,  are  regarded 
as  constituting  the  Archean  complex,  though  perhaps  only  the  later  por- 
tions of  the  great  volcanic  series  are  represented  by  the  knovm  Archean. 
Here,  for  the  first  time,  we  reach  formations  exposed  to  view,  and 
observational  geology  begins  to  replace  the  hypothetical.  As  inter- 
preted in  the  light  of  the  recent  studies  in  both  the  Old  World  and  the 
New,  the  lowest  accessible  formations  that  can  be  given  a  place  in 
the  systematic  series  were  originally  surface  lava-flows,  attended  by 
volcanic  elastics  in  abundance,  and  by  sedimentary  elastics  and  chemical 
and  organic  deposits  in  quite  subordinate  quantity.  Into  these  were 
intruded  contemporaneously,  and  also  at  later  stages  of  the  same 
great  era,  enormous  embossments  of  granite  and  other  rocks.  This 
intricate  combination  of  surface  flows,  elastics,  and  intrusions,  distorted^ 
sheared,  and  metamorphosed,  makes  up  the  vast  Archean  complex. 

Diastrophism  accompanying  the  volcanic  climax.  —  For  obvious 
reasons  the  great  climacteric  era  of  vulcanism  was  attended  by  defor- 
mations of  exceptional  intensity.  The  transfer  of  so  much  material 
from  below  to  the  stirface  required  a  readjustment,  while  the  intrusion 
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of  the  enormous  granitic  batholiths  of  the  Archean  were  in  themselves 
a  source  of  deformation.  Great  changes  in  the  distribution  of  tem- 
perature were  involved  in  the  outward  flow  of  the  molten  rock.  This 
carried  heat  outward  from  the  deeper  zones,  and  expanded  the  rock 
in  the  zones  through  which  the  rising  lava  passed.  There  was,  there- 
fore, loss  of  both  material  and  heat  in  the  lower  zones,  and  gain  of 
material  and  heat  near  the  surface,  with  the  obvious  effects.  The 
principles  set  forth  m  Vol.  I,  pp.  564-568,  relative  to  the  general  transfer 
of  heat  by  conduction  and  its  double  effects  were  also  in  play.  In 
harmony  with  this  intensive  combination  of  agencies,  the  Archean 
rocks,  as  we  shall  see  in  the  next  chapter,  are  extraordinarily  folded 
and  crumpled,  and  at  the  same  time  phenomenally  traversed  by  intrusive 
sheets,  tongues,  and  embossments  of  plutonic  rock.  Diastrophism 
probably  had  its  climax  with  the  climax  of  vulcanism,  and  both  came, 
by  hypothesis,  about  the  time  of  the  opening  chapter  of  the  revealed 
history  of  the  earth. 

It  is  at  this  stage,  and  with  the  great  agencies  thus  related  to 
one  another,  that  we  reach  the  lowest  observable  formations  of  the 
earth's  body,  in  following  the  accretion  hypothesis.  It  is  for  each 
student  to  judge  for  himself  whether  the  postulated  antecedents  lead 
felicitously  or  otherwise  into  the  actual  state  of  things  which  the 
oldest  known  rocks  reveal.  The  value  of  a  hypothesis,  when  demon- 
stration of  its  truthfulness  is  not  yet  possible,  lies  in  its  working  qualities. 

VIII.  The  Great  Stage  of  Atmospheric  and  Hydrospheric 

Dominance. 

To  complete  the  survey  of  stages,  it  is  necessary  to  glance  forward 
through  the  remaining  ages  and  note  the  great  fact  that,  the  growth 
of  the  earth  having  ceased,  and  volcanic  action  having  passed  its  climax, 
the  surface  of  the  land  was  no  longer  subject  to  continual  burial,  but 
was  exposed,  age  after  age,  to  the  action  of  the  atmosphere  and  the 
attendant  work  of  streams  and  ground-waters.  The  material  removed 
by  these  agents  was  deposited  in  the  basins.  Throughout  this  stage, 
therefore,  the  dominant  phase  of  geologic  activity  became  the  hydro- 
atmospheric  or  gradational,  as  nearly  as  it  can  be  expressed  or  implied 
in  a  single  word.  Vulcanism  and  diastrophism  continued  to  be  very 
important  accessories,   but  not   the   controlling  factors.    This   stage 
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embraces  the  Proterozoic,  Paleozoic,  Mesozoic,  and  Cenozoic  eras,  the 
chief  portion  of  known  geologic  time. 

Synoptical  View  of  the  Earth's  History, 

If  we  take  a  sweeping  view  of  the  stages  of  the  earth's  history  from 
first  to  last,  they  fall  into  two  great  groups,  with  a  transition  period 
between  them:  the  stages  of  growth  and  the  stages  of  maturity^  with  an 
inter\'ening  transitional  stage.  In  tabular  form,  and  numbered  in 
chronologic  order,  these  stages  appear  as  follo\\'s: 


III.  The  Gradational 
Eon  (Relative  ma 
turity) 

11.  The  Extrusive 
Eox  (Transi- 
tional) 


I.  l^iB  Formative 
Eon  (Birth  and 
adolescence) 


11.  The   Cenozoic   era 

10.  The  Mesozoic   era 

9.  The  Paleozoic  era 

8.  The       Proterozoic 

era 

7.  The  Archeozoic  era 

(Under  planetesimal 
hypothesis) 

6.  The  initial  life 
stage 

5.  The  initial  hydro- 
spheric  stage 

4.  The  initial  atmos- 
pheric stage 

3.  Tne  initial  volcanic 
stage 

2.  The  atmosphere- 
less  stage 

1.  The  nuclear  or 
nebular  stage. 


(Under  gaseous 
hypothesis) 

The   initial   life 


The  congelation 
stage 

The    molten 
stage 


The  gaseous  or 
nebular  stage 


C.  The       better 
known  eras. 


B.  The  partially 
known  era. 


The  hypothe- 
tic€ii  eras. 


SUPPLEMENTARY   CONSIDERATIONS. 

I.  The  Differentiation  of  the  Rocks  during  the  Stages  of  Growth. 
The  general  nature  of  the  process  by  which  the  surface  rocks  of  the  conti- 
nental areas  were,  by  hypothesis,  rendered  more  acidic  and  less  heavy,  has  been 
set  forth.  To  show  more  fully  the  bearing  of  the  hypothesis  on  the  general 
characteristics  of  the  crystalline  rocks,  and  on  some  of  the  outstanding  problems 
presented  by  them,  there  is  need  to  enter  somewhat  further  into  details,  though 
the  subject  cannot  be  fully  elaborated  here. 

The  average  original  material. — If  meteoritic  material  represents,  in  a  general 
way,  the  average  of  the  heavier  and  more  refractory  material  of  the  siderial 
system,  as  seems  probable  from  the  fact  that  it  comes  from  all  quarters  of  the 
heavens  and  seems  to  represent  almost  as  many  different  parent  bodies  as  there 
are  distinct  meteoritic  falls,  it  may  be  regarded  as  the  type  of  what  was  the  average 
earth-material  in  its  aimosphereless  state,  if  it  had  such  state.  If  there  be  added 
to  this  a  certain  unknown  proportion  of  the  lighter  and  less  refractory  material 
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that  could  not  be  retained  in  the  gaseous  state  by  a  small  body,  the  whole  may  be 
taken  to  represent  the  material  of  the  full-grown  earth.  This  addition  would 
probably  not  remove  the  total  average  earth-material  very  far  from  the  average 
of  the  meteoritic  matter,  and  so,  with  some  qualification,  meteoritic  matter  may 
be  taken  as  a  rough,  but  somewhat  too  basic  and  metallic,  standard  of  the  total 
earth-material.^  It  is  easy,  however,  to  gain  a  fake  impression  of  the  average 
nature  of  meteoritic  material,  for  the  stony  meteorites  are  less  readily  detected 
than  the  iron  ones,  and  hence  a  less  proportion  are  recognized.  Besides  this, 
the  stony  meteorites  usually  disintegrate  rapidly  and  soon  disappear,  and  hence, 
if  not  found  promptly,  are  not  found  at  all.  If,  therefore,  the  meteorites  that  are 
averaged  include  simply  those  that  are  found,  the  result  will  be  much  too  high 
in  metallic  material.  The  true  average  should  include  only  those  seen  to  fall. 
On  this  basis,  Farrington  concludes  that  the  true  average  is  represented  essen- 
tially by  stony  material  of  the  basic  silicate  type,  with  only  a  subordinate  amount 
of  metallic  material,  and  that  the  average  specific  gravity  is  about  3.69.^ 

Volcanic  diflfcrentiation. — It  will  be  recalled  that  from  an  early  stage,  molten 
material  is  supposed  to  have  been  poured  out  on  the  surface  at  intervals,  and 
buried  by  the  infalling  planetesimals.  At  the  same  time,  the  material  was 
slightly  weathered  on  the  land-areas,  and  such  of  the  material  as  was  dissolved 
was  carried  into  the  water-areas.  Later,  when  the  surface  had  been  sufficiently 
built  up  by  accessions,  this  same  material  was  exposed  to  a  second  possible  vol- 
canic experience,  with  further  selective  fusion  and  further  surface  differentiation. 
Still  later,  the  process  may  have  been  repeated,  perhaps  again  and  again,  for 
the  first  volcanic  surfaces,  may  possibly  have  been  as  much  as  1200  or  1500  miles 
below  the  present  surface,  and  the  number  of  possible  repetitions  of  the  volcanic 
round  is  large.  A  wide  differentiation  from  the  original  state  was  therefore  pos- 
sible. As  the  last  series  of  extrusions  came  after  the  cessation  of  appreciable 
accessions  from  without,  practically  nothing  but  the  various  varieties  of  the  differen- 
tiated product  would  appear  at  the  surface.  That  these  should  differ  widely  from  the 
original  average  rock  is  not  strange;  but  why  they  should  differ  in  precisely  the 
wa3rs  in  which  the  surface  rocks  differ  from  the  supposed  average  rock  remains 
to  be  worked  out,  and  the  solution  of  this  problem  ^vill,  in  some  sense,  be  a  test 
of  the  validity  of  the  hypothesis.  It  is  to  be  borne  in  mind  that  the  result  is 
not  a  mere  selection  based  on  the  melting-points  of  the  minerals  found  in  the 
surface  rocks,  but  is  rather  the  outcome  of  a  complex  process  of  mutual  solution 
and  precipitation  in  which  the  modifying  conditions  of  temperature,  pressure, 
ratio  of  admixture,  stress-differences,  and  specific  gravities,  play  essential  parts. 

Differentiation  in  suboceanic  versus  continental  segments.  —  It  is  reasonable 
to  assume  that  the  lavas  which  arose  from  the  more  basic  segments  that  underlie 
the  deep-sea  basins  would  be  more  basic  than  those  that  arose  from  the  more 
acidic  land  segments,  and  this  seems  to  be  supported  by  the  greater  prevalence  of 

*  For  composition  of  meteorites,  with  references  to  the  literature,  see  Farrington, 
Jour,  of  Geol.,  Vol.  IX,  1901,  pp.  393  and  522. 
'Jour,  of  Geo!.,  Vol.  V,  1897,  p.  130. 
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basic  rocks  in  marine  volcanoes.  It  is  not  to  be  lightly  assumed,  however,  that 
differentiation  may  not  develop  acidic  rocks  from  even  the  prevailingly  basic 
magmas  of  the  sub-oceanic  segments.  Volcanoes  that  arise  from  submerged 
ridges  and  platforms  that  were  once  land,  are  obviously  not  to  be  regarded  as 
properly  ab3rsmal. 

Obstacles  to  minute  differentiation.  —  While  in  most  respects  the  conditions 
postulated  by  the  hypothesis  were  extremely  favorable  to  the  broader  classes  of 
differentiation,  there  were  certain  respects  in  which  complete  differentiation 
was  hampered.  One  of  the  most  notable  of  these  was  the  apparent  lack  of  a  high 
degree  of  fluidity,  and  of  a  protracted  condition  of  fluidity  even  of  the  more 
viscous  kind.  By  hypothesis,  the  fluent  material  was  developed  by  selective 
fusion  from  a  mixed  mass  presenting  all  grades  of  fusibility,  and  hence  there  is 
little  reason  to  suppose  that  any  portion  would  become  very  highly  fluent  while 
surrounded  by  matter  on  the  border  of  fluidity,  or  already  viscous  and  ready  to 
mingle  with  it.  Moreover,  the  hypothesis  postulates  that  as  soon  as  any  appreci- 
able portion  became  mobile,  it  was  forced  toward  the  surface  by  the  internal  stress- 
differences,  and  in  its  outward  passage  was  subject  to  loss  of  heat,  as  well  as 
accessions  and  losses  of  material.  Under  all  these  conditions  it  seems  most 
consistent  to  suppose  that  little  more  than  viscous  mobility — not  perfect  fluidity 
— was  acquired.  The  matter  is  presumed  to  have  been  in  slow  movement  upward 
from  the  time  it  acquired  mobility,  and  the  rising  threads  or  tongues  of  lava 
were  probably  also  subject  to  slow  convectional  currents,  if  at  any  time  they 
reached  a  sufficient  degree  of  fluidity  to  permit  this.  The  portion  next  the  cooler 
walls  obviously  tended  to  descend,  while  that  in  the  central  part  tended  upwards. 
Up  to  a  certain  point,  a  slow  movement  may  be  regarded  as  favorable  to  differen- 
tiation, by  bringing  together  matter  of  the  appropriate  kinds.  For  example, 
it  is  probable  that  the  growth  of  crystals  is  promoted  by  very  gentle  movement, 
just  as  it  is  probable  that  snow-flakes  grow  more  rapidly  by  falling  gently  through 
moist  air  than  they  would  if  they  remained  in  contact  with  the  same  air.  But 
at  the  same  time,  motion  must  oppose  the  separation  of  the  crystals  from  the 
moving  mass,  and  by  keeping  them  in  it,  lead  to  their  flnal  inclusion  in  the  solid- 
ified mass.  Between  the  high  degree  of  viscosity  and  the  appreciable  amount  of 
motion  postulated,  it  appears  that  the  individual  crystals  were  not  usually  permit- 
ted to  separate  from  the  mobile  mass  by  settling  according  to  their  specific  gravities, 
and  hence  arose  the  complex  mixture  of  crystals  which  is  found  in  most  igneous 
rocks,  and  which  is  so  difficult  to  understand,  if  the  lavas  were  perfectly  liquid  and 
remained  quiescent  in  reservoirs  while  slow  crystallization  took  place,  for  the 
heavier  minerals  often  cr3rstaUized  first.  As  the  plane tesimal  hypothesis  does  not 
recognize  any  great  reservoirs  of  molten  material,  standing  for  ages  in  a  quiescent 
condition,  the  foregoing  considerations  relative  to  viscosity  and  to  motion  seem  to 
meet  the  requirements  of  this  puzzling  phenomenon,  at  least  in  some  degree. 
The  specific  gravities  of  the  minerals  common  to  igneous  rocks  vary  rather  widely, 
so  much  that  the  petrologist  separates  them  readily  by  a  series  of  liquids  of 
graded  specific  gravities.  The  fact  that  they  are  not  thus  separated  in  nature 
in  the  case  of  rocks  that  have  been  lavas  may  prove  a  very  significant  phenomenon 
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when  its  meaning  shall  be  demonstrated.  The  climax  of  the  phenomenon  is 
found  in  the  iron-bearing  basalts  of  Greenland,  in  which  little  masses  of  the  metal 
are  scattered  promiscuously  through  a  stony  base  in  meteoritic  fashion,  as  shown 
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Fig.  326. — A  pronounced  example  of  igneous  rock  composed  of  minerals  of  very  dif- 
ferent specific  gravities  that  show  no  signs  of  separation  by  differences  of  gra\4ty. 
The  light  portion  is  native  iron,  which  has  more  than  twice  the  specific  gravitj'of 
the  bfSalt,  the  dark  portion,  through  which  it  is  promiscuously  scattered.  From 
Kaersut,  Nugsuaks  peninsula,  Greenland.  (After  Phalen,  Smithsonian  Misc. 
Coll.,  Vol.  I,  p.  199.) 

in  Fig.  326.     In  this  case  the  specific  gravity  of  the  metal  is  more  than  twice 
that  of  the  embracing  stony  matter. 

II.   Deformations  under  the  Planetesimal  Hypothesis. 

Relative  to  deformation  two  great  eras  are  to  be  recognized,  that  of  growth 
and  that  following  the  cessation  of  growth.  During  the  stages  of  growth  the 
chief  cause  of  change  of  bodily  form  is  assigned  to  the  accession  of  material. 
This  enlarged  the  geoid,  and  at  the  same  time  tended  to  compress  it  by  the  addi- 
tional gravitative  pressure.  Heat  arose  from  this  compression,  and,  until  it  was 
dissipated,  tended  to  prevent  further  compression.  There  was  thus  an  antago- 
nism between  the  opposing  processes  of  growth  and  shrinkage,  but  during  this  era 
the  former  dominated. 

When  growth  ceased  to  be  appreciable,  this  type  of  diastrophism  ceased  to  be 
dominant,  but  its  effects  were  more  or  less  perpetuated.  In  the  subsequent  era, 
the  chief  agencies  of  deformation  are  thought  to  have  been  a  re -aggregation  of 
material,  with  some  extrusion,  a  re-distribution  of  heat  in  the  interior,  and  a  loss 
of  heat  from  the  surface.  Incidentally  there  was  some  generation  of  new  heat  as 
in  the  previous  era,  but  this  is  not  presumed  to  have  equalled  the  loss. 

This  twofold  division  of  earth-history  may  be  regarded  as  having  given  rise 
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to  three  great  stages  of  diastrophism,  a  first,  in  which  accessions  to  the  exterior, 
resulting  in  compression  and  heat,  were  dominant;  a  second,  in  which  the  transfer 
of  molten  material  from  the  interior  to  the  exterior,  involving  the  transfer  of 
heat,  became  dominant,  this  being  the  great  volcanic  stage  that  followed  the 
main  stage  of  growth;  and  a  third,  embracing  the  hydro-atmospheric  eon,  includ- 
ing most  of  the  known  geological  history  down  to  the  present,  in  which  dias- 
trophism  seems  to  have  been  dependent  mainly  on  the  re-distribution  and  loss  of 
heat  and  the  internal  re-a^regation  of  material,  and  subordinately  on  the  shifting 
of  sediments.  Obviously,  these  several  stages  were  not  separated  by  hard  and 
fast  lines,  but  rather  graded  into  one  another  insensibly,  and  constituted  merely 
successive  phases  of  dominance. 

The  Modes  of  Deformation. 

Reasons  have  already  been  given  for  believing  that  the  water-covered  areas 
would  acquire  higher  specific  gravity  than  the  land  areas,  and  would,  therefore, 
take  precedence  in  sinking,  both  in  time  and  amount,  and  that  thus  the  great 
basins  and  the  continental  elevations  would  arise.  If  deformations  were  limited 
to  these  greatest  features  of  the  earth's  relief,  the  explanation  might  rest  here; 
but  their  surfaces  are  still  further  diversified  by  plateaus,  anti-plateaus,  and  folded 
mountains,  as  well  as  by  the  minor  phenomena  of  faulted  blocks,  warped  surfaces, 
etc.  Some  of  these,  as  the  folded  mountains,  especially  when  attended  by  over- 
thrust  faults,  imply  a  compressive  lateral  movement  (Vol.  I,  pp.  500-510) ;  others, 
as  the  sunken  blocks  attended  by  normal  faulting  and  gaping  fissures,  imply 
crustal  tension  (Vol.  I,  pp.  510-525).  The  problem  therefore  embraces  not  only 
the  massive  shrinkage  supposed  to  have  given  rise  to  the  abysmal  basins  and 
continental  platforms,  but  such  accessory  actions  as  were  competent  to  give 
rise  to  the  plateaus,  folded  mountains,  and  lesser  protuberances  of  a  compressive 
type,  and  to  inequalities  of  a  relaxative  type.  (For  preliminary  discussion  see  VoL 
I,  pp.  542-589.) 

The  earth  may  be  conceived  to  be  formed  of  great  sectors  whose  bases  are 
the  several  ocean  bottoms  and  continental  platforms  respectively,  each  con- 
stituting a  cone,  pyramid,  or  wedge,  with  its  base  at  the  surface  and  its  apex  at 
the  center  of  the  earth.  Assuming  these  factors,  for  the  moment,  to  be  units  of 
action,  certain  conceptions  can  be  tested. 

1.  If  the  sub-oceanic  and  continental  sectors  all  shrank  in  equable  propor- 
tions in  every  part  and  simultaneously,  the  sectors  would  settle  down  within 
their  own  spaces  and  no  unequal  crowding  would  follow,  and  hence  no  crumpling. 
This  is  certainly  not  the  actual  case. 

2.  If  the  outer  parts  of  all  the  sectors  shrank  proportionately  more  than  the 
inner  parts,  each  sector  could  not  only  have  settled  down  within  its  own  space, 
but  could  have  permitted  some  tensional  fissuring  and  faulting  without  involving 
lateral  thrust  or  folding.    This  is  certainly  not  the  actual  case. 

3.  If  the  sub-oceanic  sectors  simply  contracted  radially  more  than  the  con- 
tinental sectors,  to  the  extent  of  about  3  miles,  the  continental-oceanic  reliefs 
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would  have  been  attainedi  but  the  crumpling  of  the  continental  surfaces  would 
be  left  unexplained. 

4.  If  the  sub-oceanic  sectors  sank  first,  for  the  reasons  previously  given,  and, 
by  virtue  of  their  superior  gravity,  wedged  aside  and  squeezed  up  the  continental 
sectors  between  them,  the  continental  surfaces  would  doubtless  be  warped  and 
crumpled,  and  great  reliefs  and  surface  distortions  be  produced  simultaneously. 
But  would  the  proportions  of  lateral  thrust  and  continental  elevation  accord  with 
the  facts?  While  it  is  necessary  to  recognize  that  no  estimate  of  the  total  amount 
of  lateral  thrust  involved  in  the  mountain  folding  that  has  actually  taken  place 
is  more  than  roughly  approximate,  we  have  previously  taken  100  miles  as  a  round 
figure  representing  the  apparent  order  of  magnitude  of  the  crustal  shortening 
due  to  folding  since  the  pre-Cambrian  times,  on  an  entire  circumfference  (ydi,  I, 
p.  551).  If,  without  change  of  volume,  the  continental  sectors  were  squeezed 
proportionately  throughout  their  mass  by  the  sinking  oceanic  sectors,  so  that 
their  surface  breadths  were  reduced  100  miles,  in  the  aggregate,  on  each  circum- 
ference, they  would  be  protruded  several  times  as  high  as  they  actually  are.  It 
is  obvious  that  this  is  not  the  whole  of  the  actual  case,  though  it  seems  to  be  a 
step  toward  it. 

5.  We  have  heretofore  recognized  the  possibility  that  owing  to  the  original 
distribution  of  heat  in  a  self-compressing  earth,  the  temperature  may  be  still 
rising  in  the  outer  800  miles  or  so  of  the  earth,  while  it  is  sinking  below,  and  that 
this  may  bring  to  bear  special  crowding  in  the  outer  parts  (Vol.  I,  pp.  564-568). 
It  may  be,  also,  that  crystallization  has  limits  determined  by  pressure  and  heat, 
and  that  only  a  certain  outer  zone  is  crystalline  while  the  central  mass  is  in  a 
miscible  state,  or  in  some  unknown  state  of  superior  density.  If  this  were  true 
the  outward  distribution  of  heat  and  slightly  increasing  gravitative  pressure 
might  lead  to  the  encroachment  of  this  central  mass  upon  the  crystalline  zone, 
by  transformation  from  the  crystalline  to  the  miscible  or  other  central  state. 
This  would  result  in  a  crowding  of  the  crystalline  zone  on  itself  in  the  effort  at 
adjustment  to  the  shrinking  central  mass,  in  a  manner  analogous  to  the  familiar 
crowding  of  the  superficial  crust  on  the  shrinking  subcrust.  If  in  these,  or  in 
other  and  unrecognized  ways,  the  outer  parts  of  the  sub-oceanic  sectors  be  sui>- 
posed  to  thrust  the  outer  parts  of  the  continental  sectors  relatively  more  than  the 
central  parts  crowd  one  another,  surface  distortion,  greater  than  in  the  previous 
case  in  proportion  to  the  continental  elevation,  would  result,  and  a  nearer 
approach  to  the  true  case  would  be  attained,  but  the  proportions  would  still  be 
wide  of  the  true  ones.  But  the  kind  of  effect  that  would  be  produced  in  this  way, 
normally,  seems  to  suggest  the  source  of  a  needed  factor.  If  a  segment,  say  800 
miles  thick,  were  thrust  against  another  segment  of  like  thickness  so  as  to  shorten 
the  latter  1  mile,  with  only  negligible  change  of  volume,  the  surface  of  the  latter 
segment  must  be  raised  a  mile  over  an  area  800  miles  in  width,  or  its  equivalent. 
Some  change  of  volume  by  compression  would  be  inevitable,  but  for  the  general 
conception  here  sought  it  may  be  neglected.  Such  crowding  of  thick  seg- 
ments seems  to  be  of  a  kind  suited  to  form  plateaus,  for  the  effect  would  prob- 
ably be  a  swell  or  uplift  whose  breadth  was  more  or  less  comparable  to  the  thick- 
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ness  of  the  distorted  segment.  The  principles  controlling  the  distribution  of 
strains  is  thought  to  require  this.  Thinner  segments  should  give  plateaus  of  less 
breadth,  and  their  heights  should  be  determined  by  the  extent  of  lateral  thrust. 
In  such  cases,  the  crumphng  at  the  surface  would  be  small  relative  to  the  whole 
elevation.  Some  tension  might  even  be  developed  on  the  top  of  the  swelh 
Plateaus  are  conmionly  affected  by  much  tensional  faulting,  but  this  may  be  due 
chiefly  to  the  secondary  action  presently  to  be  noted.  They  are  also  often  affected 
by  the  more  superficial  distortions  of  the  crust  yet  to  be  considered. 

6.  Under  the  hypothesis  of  a  molten  earth,  it  is  agreed  very  generally  that  if 
a  sohd  crust  formed  over  the  interior  while  the  latter  was  hot  and  expanded,  and 
that  if  the  interior  cooled  and  shrank  later,  the  crust  must  have  been  too  large  for 
its  contracted  core  and  must  have  wrinkled  to  accommodate  itself  to  it,  involving 
horizontal  thrust.  If  such  a  crust,  whether  formed  in  this  or  any  other  way, 
ha\ing  a  thickness  of  20  miles,  were  thrust  laterally  40  miles — Lesley's  estimate  of 
the  amount  of  lateral  movement  involved  in  the  folding  of  the  Appalachian  ridges 
in  central  Pennsylvania  ' — and  folded  into  a  mountainous  tract  60  miles  wide, 
and  if  the  volume  of  the  rock  were  preserved  by  upfolding,  the  average  height  of 
the  upfold  would  be  13  miles,  an  amoimt  which  is  quite  out  of  accord  with  the 
facts.  It  is  obvious  on  numerical  inspection  that  no  crustal  thickness  of  this 
order  of  magnitude  can  give  rise  to  the  actual  foldings  with  the  actual  elevation, 
if  the  approximate  volume  is  preserved  by  upfolding  simply.  If  preserved  by 
infolding,  which  would  probably  be  the  normal  mode  in  a  floating  crust,  the 
result  should  probably  be  a  s3mclinorium  at  the  surface,  with  a  very  different 
expression  from  that  which  is  actually  presented.  If  the  crust  were  mashed  so 
as  to  give  up-sweUing  in  smaU  part,  and  down-swelling  in  much  larger  part,  a 
closer  approximation  to  the  real  case  might  be  made,  but  even  then  it  is  doubtful 
whether  the  configuration  would  be  what  it  is. 

With  an  earth  solid  throughout,  whether  from  accretion  or  otherwise,  no  such 
disproportionate  downward  swelling  is  admissible.  The  thrust  of  a  thick  crust 
is  competent  to  form  a  plateau,  with  some  crumpling,  but  apparently  not  the 
requisite  folding  of  the  folded  mountains  with  their  limited  elevations. 

7.  All  hypotheses  that  postulate  a  solid  globe,  and  perhaps  all  others,  must 
apparently  also  postulate  a  shearing  zone  at  a  depth  such  that  the  amount  of  the 
lateral  thrust  correlated  with  the  thickness  of  the  thrust  shell,  shall  correspond 
to  t'le  height  of  the  folded  tract,  when  suitable  allowances  are  made  for  the  com- 
pression and  extension  of  the  rocks,  perhaps  for  some  downward  displacement, 
and  for  other  incidental  results,  all  of  which  are  probably  of  small  value.  It  is 
of  pnime  importance  to  determine  what  this  thickness  is. 

Ths  thickness  of  the  folded  shelL — The  thickness  of  the  folded  shell  appears 
to  be  deducible  from  the  extent  of  the  thrust,  as  shown  by  the  folds,  combined 
with  the  average  height  and  breadth  of  the  folded  tract.  For  example,  if  a  thrust 
of  40  miles  was  involved  in  the  folding  of  the  Appalachian  ridges  in  central  Penn- 
sylvania, as  Lesley  estimates,  and  if  the  highest  fold  was  arched  about  5  miles,' 

*  2d  Geol.  Surv.,  Penn.  Summary,  Final  Rept.,  1903,  p.  206. 

*  2d  Ged.  Surv.,  Penn.,  Pt.  X,  p.  xxi,  1883. 
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probably  a  rather  high  estimate^  the  average  elevation  of  the  folded  tract  before 
degradation  may  be  taken  at  2.5  or  3  miles  above  the  previous  surface,  corrections 
for  compression,  extension,  and  possible  downward  thrust  being  neglected  as 
immaterial  for  present  general  purposes.  The  present  width  of  the  folded  tract  is 
about  60  miles;  its  original  width  was  therefore,  by  estimate,  100  miles.  Now,  a 
sheU  that  has  been  crumpled  from  a  width  of  100  miles  to  a  width  of  60  miles,  and 
in  so  doing  has  raised  its  surface  2.5  miles,  on  the  average,  must  have  been  origi- 
nally 3.75  miles  thick,  neglecting  possible  changes  of  density,  etc.  If  it  raised  its 
average  surface  3  miles,  it  must  have  been  4.5  miles  thick,  qualifications  aside. 
A  similar  method  may  be  applied  to  other  mountain  ranges  for  which  approximate 
estimates  of  crustal  shortening  and  of  the  heights  of  the  folded  area  are  available, 
and  the  results  are  of  a  similar  order  of  magnitude.  It  appears  therefore  that  the 
phenomena  of  the  folded  tracts  themselves  indicate  that  only  a  very  thin  shell  was 
immediately  involved  in  their  formation. 

The  conclusion  that  a  shell  of  a  very  few  miles  only  was  involved  in  the  crump- 
lings  of  the  folded  mountains  is  so  important  as  to  invite  more  careful  estimates 
of  the  shortening  of  the  crust,  of  the  dimensions  of  the  folds,  and  of  the  relative 
elevations  of  the  folded  tracts  than  have  thus  far  been  made,  involving  new  and 
more  critical  measurements  and  perhaps  new  methods.  Awaiting  such  im- 
proved data,  a  shell  of  perhaps  3  to  5  miles  thickness  may  be  taken  as  representa- 
tive. This  is  found  to  be  in  reasonable  harmony  with  other  considerations. 
For  example,  a  normal  fold  cannot  well  be  less  than  twice  the  thickness  of  the 
folded  strata  until  these  have  been  closely  recurved  upon  themselves  and  thinned 
by  transverse  pressure,  and  this  only  occurs  when  close  appression  takes  place.  A 
selection  of  the  available  crossHsections  of  the  Appalachian  folds  mapped  to  scale 
in  folios  of  the  U.  S.  Geological  Survey,  measured  liberally  so  as  to  include  the 
lowest  dips  of  the  flanks,  gives  an  average  width  of  about  8  miles,  or  measured 
more  closely  so  as  to  include  the  more  distinctly  folded  portions  only,  about  6 
miles.  The  halves  of  these  fall  within  the  range  above  given.  The  statistics 
of  other  mountain  ranges,  so  far  as  available,  are  of  similar  import. 

The  shear-zone. — If  we  seek  reasons  for  the  limited  thickness  of  the  folded 
shell,  and  for  a  shearing-zone  so  near  the  surface,  they  may  perhaps  be  found  in 
the  relations  of  the  weight  to  the  rigidity  of  the  crust,  or  the  ratios  of  weight  to 
crushing-strength  and  shearing-strength.  Available  data  as  to  the  strength  of 
rocks  are  very  inadequate,  and  only  tentative  applications  can  be  made.  The 
experimental  tests  have  usually  related  to  the  crushing-strength,  rarely  to  the 
shearing-strength.  They  are  also  usually  made  on  selected  rock,  well  dried,  and 
are  hence  probably  higher  than  the  average  rock  in  its  native  wet  condition. 
They  are  clearly  higher  than  the  native  strength  of  rocks  near  the  surface,  where 
mudi  weakened  by  Assuring,  leaching,  and  other  superficial  changes.  At  moderate 
depths,  however,  these  weaknesses  disappear,  and  the  rocks  become  practically 
continuous  and  sound.  At  greater  depths,  compression  probably  increases  the 
strength,  while  increased  heat  tends  to  reduce  it,  but  for  the  depths  involved  in 
this  discussion  neither  of  these  factors  probably  becomes  vitally  important.  The 
average  crushing-fitrength  of  the  granites  that  have  been  experimentally  tested 
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is  about  25,000  pounds  per  square  inch;  that  of  the  limestones  about  16,000 
pounds;  and  that  of  the  sandstones  about  6000  pounds;  while  that  of  shale, 
which  has  scarcely  been  tested  at  all,  because  unfit  for  building  purposes,  is 
appreciably  less  than  that  of  sandstone.  At  the  depths  where  the  shearing-zone 
appears  to  lie,  crystaUine  rocks  undoubtedly  exist  in  higher  proportions  than 
near  the  surface,  and  so  the  average  ultimate  strength  undoubtedly  rises  toward 
the  hi^er  figure  given,  as  the  depth  increases.  It  is  to  be  noted,  however,  that 
among  the  crystalline  rocks  some  have  less  strength  than  the  granites  tested. 

Now,  at  a  depth  of  a  mile  the  vertical  pressure  arising  from  the  weight  of  the 
overlying  rock  is  about  6000  pounds  per  square  inch,  while  the  resistance  of  the 
rock  to  crushing  is  probably  as  great  or  somewhat  greater  than  indicated  above. 
At  this  depth,  therefore,  on  the  average,  the  weight  of  the  rock  will  be  insuflBcient 
to  deform  the  crust  by  crushing,  and  thus  adapt  it  to  the  shrinkage  of  the  interior. 
The  crust  must  meet  the  tendency  of  the  interior  to  shrink  away  from  it  by  a 
tendency  to  develop  a  parting,  and  thus  bring  into  play  the  principle  of  the  dome 
in  its  support,  and  thereby  develop  a  tendency  to  lateral  thrust.  Now  as  prev- 
iously shown  (Vol.  I,  p.  581),  the  strength  of  even  the  best  rock  is  utterly  incapable 
of  resisting  the  thrusts  of  the  flat  dome  of  the  earth's  crust  when  fully  brought 
into  play.  At  3  miles  depth  the  weighting  has  increased  to  about  18,000  pounds 
per  square  inch,  at  4  miles  to  about  24,000  pounds,  and  at  5  miles  to  about  30,000 
pounds.  Within  this  range  the  weighting  must  approach,  and  perhaps  pass  the 
crushing-strength  of  the  average  rock  involved.  Down  to  the  point  where  the 
weighting  equals  the  crushing-«trength,  the  tendency  to  arching  with  accompany- 
ing lateral  thrust,  must  take  precedencs  over  the  tendency  to  crush.  At  points 
appreciably  deeper,  where  the  weight  is  greater  than  the  crushing-strei)gth, 
deformation  by  flowage  is  the  normal  result.  The  distinction  here  is  analogous 
to  that  between  the  zone  of  fracture  and  the  zone  of  flow,  as  developed  by  Van 
Hise  and  Hoskins,^  but  is  not  strictly  identical  with  it,  for  here  lateral  thrust  and 
shearing-strength  are  essential  factors.  The  zone  of  shear  reaches  higher  than  the 
zone  at  which  fracture  becomes  impossible  under  radial  stress  alone.  The  zone  of 
Fhear  is  perhaps  identical  with  the  lower  part  of  the  theoretical  zone  of  fracture 
and  the  upper  part  of  the  zone  of  flow. 

Folding  in  tracts  of  least  resistance. — Now  since  the  shrinkage  of  the  interior 
is  a  slow  and  essentially  simultaneous  process,  the  shearing-stress  probably  develops 
an  essentiaUy  simultaneous  thrust  over  large  areas,  and  as  the  shell  offers  much 
resistance  to  local  folding,  a  conjoint  shear  for  large  areas — in  distinction  from 
numerous  local  independent  shears — is  developed,  involving  a  common  movement 
of  large  portions  of  tha  shell  toward  some  tract  of  least  resistance,  where  relief 
b  found  fc?  the  whole  stress  in  a  concentrated  folding.  Tracts  of  low  resistance 
are  obviously  found  (1)  at  or  near  the  borders  of  the  continents,  where  the  crust 
is  already  flexed  in  its  descent  from  the  continental  platforms  to  the  ocean  bot- 
toms; (2)  in  tracts  back  from  the  borders  of  the  continents  where  special  flexures 
have  been  developed  by  deep  sedimentation  and  attendant  down-bowing ;  and 

»  16th  Ann.  Rept.  U.  S.  Geol.  Surv.,  I,  1894-95,  pp.  589-603,  84,5-859. 
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(3)  in  tracts  that  have  been  weakened  by  previous  folding  or  other  cau  es.  To 
initiate  folding,  the  lateral  thrust  of  the  shell  must  not  only  become  superior  to 
the  shearing  resistance  at  its  base,  but  also  to  the  resistance  of  the  beds  in  the 
weak  tract  to  folding. 

It  must  be  confessed  that  the  extent  to  which  a  conmion  lateral  shear  appears 
to  have  taken  place  is  greater  than  might  have  been  anticipated  from  theoretical 
considerations.  Shears  for  short  distances  only  and  moderate  buckling  at  many 
points  might  have  been  expected,  rather  than  shears  of  many  miles  affecting 
vast  tracts  by  a  common  movement  which  concentrated  their  surplus  dimensions 
in  a  single  folded  tract.  It  is  perhaps  not  strange  that  the  crust  beneath  each 
ocean  basin  should  have  thrust  laterally  from  its  center  to  its  borders,  where  it 
was  already  flexed  and  weak,  but  the  great  concentration  of  the  folding  in  most 
cases,  and  the  fewness  of  the  folded  tracts  in  any  given  folding-period,  seem  to 
indicate  that  a  conjoint  movement  of  even  greater  extent  took  place. 

Periodicity. — While  the  ulterior  causes  of  folding  may  be  supposed  to  be  in 
continuous  action,  and  hence  folding  liable  to  take  place  at  various  irregular 
times  in  different  parts  of  the  earth,  and  more  or  less  continuously,  the  evidence 
of  geologic  history  seems  to  indicate  that  there  were  long  periods  of  accumulating 
stresses,  followed  by  shorter  periods  in  which  the  stresses  relieved  themselves 
by  a  rather  general  deformation  of  the  several  kinds  indicated  above.  This  view 
cannot  be  said  to  be  held  universally,  however. 

Supposed  combined  action. — From  the  foregoing  considerations,  the  following 
conception  of  a  typical  deformation  of  the  major  order  is  deduced  (Fig.  32r). 
Presmning,  in  accordance  with  the  sketch  of  the  stages  of  growth,  that  the  oceanic 
basins  and  continental  platforms  have  been  determined  previously,  it  is  assumed 
that  the  transfer  of  material  and  heat  in  the  body  of  the  earth,  the  loss  of  heat 
from  the  surface,  and,  probably  most  important  of  all,  the  molecular  re-arrange- 
ment of  matter  in  the  interest  of  greater  density,  gradually  developed  and  ac- 
cumulated stress  enough  to  overcome  the  effective  rigidity  of  the  great  mass  of 
the  earth,  and  to  cause  a  general  shrinkage.  For  reasons  previously  assigned, 
this  is  supposed  to  have  been  inaugurated  in  the  sectors  beneath  the  ocean  basins, 
which  are  assumed  to  have  shrunk  radially,  and  to  have  crowded  upon  the  ad- 
jacent sub-continental  sectors  to  the  extent  of  causing  a  slight  relative  increase 
in  their  elevations. 

It  is  also  to  be  assumed  that,  more  or  less  locally  or  regionally,  the  upper 
parts  of  the  oceanic  and  continental  sectors,  and  perhaps  subsectors,  crowded 
specially  upon  one  another  for  considerable  depths  and  in  varying  degrees,  and 
that  these  special  deep-seated  thrusts  gave  rise  to  the  massive  sweUings  that 
constitute  plateaus.  In  neither  of  these  cases,  however;  was  the  lateral  thrust 
great,  nor  did  it  contribute  much  to  superficial  crumpling.  It  is  assumed  that  the 
interior  shrinkage  involved  the  descent,  relative  to  the  center,  of  the  continental 
sectors  as  well  as  the  sub-oceanic,  but  to  a  slightly  less  degree.  These  continental 
sectors  have  been  spoken  of  as  being  crowded  up,  or  caused  to  swell  up,  implying 
elevation,  in  accordance  with  the  common  usage  of  terms  in  the  literature  of  the 
subject.    These  terms  relate  to  the  average  level  of  the  surface,  our  most  available 
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plane  of  reference,  not  to  absolute  distance  from  the  center  of  the  earth.  Rightly 
understood,  these  are  proper  terms,  dynamically,  since  it  is  the  relation  of  pari 
to  part  that  produces  the  distortional  effect.    There  is  a  very  closely  related 


Fig.  32c. — ^Diagram  illustrating  the  supposed  elements  of  a  general  deformative  move- 
ment. SS  represents  the  outline  of  the  sphere  at  the  ocean  level  before  deforma- 
tion. The  dotted  line  represents  the  corresponding  surface  of  the  lithosphere,  the 
ocean  basin  occupying  the  center  and  the  continents  the  flanks.  S'S'  represents 
the  outline  of  the  sphere  at  the  ocean  level  after  deformation,  the  heavy  line  repre- 
sent ine  the  outer  surface  of  the  deformed  lithosphere,  and  the  space  between  SS 
and  S  S'  representing  (much  exaggerated  relatively)  the  vertical  shrinkage  which 
is  the  great  feature  of  the  movement  but  is  only  made  apparent  through  its  de- 
forming effects.  That  part  of  the  outer  shell  which  is  beneath  the  ocean  is  sup- 
posed to  descend  without  much  compression,  while  the  necessary  foldine  is  con- 
centrated on  the  borders  of  the  continent.  The  central  portion  beneath  tne  ocean 
is  represented  as  descending  directly  toward  the  center.  The  portions  on  each 
side  preserve  their  length  by  thrusting  laterally  and  hence  descend  along  paths 
represented  by  the  arrow-headed  lines  of  which  those  at  the  border  of  the  ocean 
a,  a',  are  the  most  oblique  and  represent  the  greatest  thrust.  On  the  borders  of 
the  continent  the  crust  is  folded  to  the  extent  of  this  lateral  thrust.  This  of  course 
only  holds  true  when  the  thrust  is  limited  to  a  single  oceanic  basin.  The  lateral 
thrust  is  chiefly  felt  in  the  outer  shell  or  rigid  zone,  /?Z,  which  embraces  the  heavy 
line  and  the  dotted  zone  below.  Beneath  this  lies  the  shear  zone,  SZ^  whose  foliated 
structure  is  represented  as  not  unlike  that  of  the  "drag''  belt  of  a  fault  plane. 
The  igneous  sheets,  batholiths,  etc. ,  which  are  supposed  to  especially  affect  this 
zone,  are  not  represented.  The  great  sector  beneath  the  ocean  is  represented  as 
having  crowded  slightly  upon  the  sectors  beneath  the  continents  on  either  hand, 
this  crowding  being  represented  by  the  short  arrows  6,  6'.  By  com]>arine  W  with 
an'  the  reason  for  the  shear  zone  will  be  made  apparent.  On  the  right-hand  side 
the  outer  part  of  the  sub-oceanic  sector  is  represented  as  crowding  upon  the  con- 
tinental sector  an  exceptional  amount,  as  represented  by  the  deflection  of  the 
line  b'b".  This  gives  nse  to  the  plateau  at  the  right.  The  proportions  of  most 
of  the  significant  parts  are  necessarily  exaggerated  relatively. 

conception,  which  needs,  however,  to  be  distinguished  from  this,  that  of  the 
shrinkage  (settling)  of  the  general  crust  away  from  certain  portions,  leaving  the 
latter  protuberant.  Such  areas,  left  above  their  surroundings  by  circumjacent 
depression,  have  been  called  horsts.^  While  the  existence  of  horsts  is  not  ques- 
» Suess,  Das  Antlitz  der  Erde,  p.  167. 
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tioned,  as  will  appear  later,  they  are  conceived  to  belong  to  a  d3mamical  category 
different  from  that  of  the  great  plateaus  here  under  discussion.  In  the  formation 
of  the  latter,  while  the  whole  outer  portion  of  the  earth  is  supposed  to  have  been 
descending,  the  plateaus  included,  (he  parts  mutually  crowded  upon  one  another, 
resulting  in  the  relative  displacement  of  some  of  them  by  processes  of  wedging, 
squeezing,  and  mass  distortion.  The  dynamics  here  were  positive,  so  far  as  the 
parts  were  concerned,  not  negative,  as  in  the  case  of  true  horsts. 

The  superficial  shell,  not  having  imdergone  the  molecular  and  thermal  changes 
assigned  to  the  interior,  and  hence  not  having  shrunk  proportionally  to  it,  is 
supposed  to  have  accommodated  itself  to  the  shrunken  interior  by  thrust,  as 
previously  described,  and  as  commonly  held  under  all  hypotheses.  Fig.  32c 
illustrates  graphically  the  supposed  movements  acting  conjointly. 

The  zone  of  accommodation.  —  Between  the  folded  shell  and  the  interior, 
where  flowage-deformation  prevails,  there  is  presimied  to  be  a  zone  of  accom- 
modation by  which  the  one  is  adjusted  to  the  other.  This  zone  of  accommodation 
is  supposed  to  be  affected  partly  by  shear  and  partly  by  flowage,  depending  on 
the  nature  of  the  formations  of  which  it  is  composed  at  any  point,  and  on  the 
nature  of  the  stresses  which  there  affect  it.*  It  is  presumed  to  graduate  from 
shear  along  a  few  selected  planes  above,  through  shear  along  many  planes  in  the 
middle,  to  continuous  shear,  or  flowage,  below,  and  thus  to  constitute  a  transition- 
zone  from  the  shell  to  the  main  body. 

The  shear-zone  a  zone  of  foliation. — The  more  distributive  phases  of  the  shear 
in  this  zone  would  obviously  give  rise  to  foliation  and  schistosity.  Structurally, 
therefore,  the  shear-zone  becomes  a  zone  of  foliation,  practically  enveloping  the 
globe  next  beneath  the  rigid  shell.  Under  the  planetesimal  hypothesis,  this  zone 
is  supposed  to  have  been  gradually  lifted  as  the  growth  of  the  earth  progressed, 
and  hence  to  have  undefined  depth.  In  those  portions  of  the  continent  that 
were  protruded  above  the  sea  at  an  early  date,  and  that  were  degraded  to  give 
material  for  the  sedimentary  rocks,  it  is  conceived  that  this  zone  has  been  ex- 
tensively exposed,  and  constitutes,  in  part  at  least,  the  foliated  rocks  now  known 
as  Archean;  indeed  the  Archean  areas  are  conceived  to  be  essentially  those 
portions  of  the  shearing  zone  that  have  been  brought  to  the  surface  by  the  removal 
of  the  shell  that  once  overlay  them. 

The  relations  of  the  shear-zone  to  igneous  intrusions.  —  From  Fig.  32c  it  will 
be  seen  that  the  shearing-planes  are  flexed  as  a  result  of  lateral  movement,  and 
that,  typically,  their  section  is  a  double  curve,  the  middle  portion  of  which  may 
not  be  greatly  removed  from  the  horizontal.  It  is  conceived  that  molten  rock,  on 
reaching  this  zone  in  its  passage  outward  from  the  interior,  would  be  predisposed 
to  follow  the  shearing-planes  already  developed,  these  being  the  lines  of  least 
resistance.  The  rising  molten  rock  must  often  have  been  solidified  by  cooling  in 
the  coiu'se  of  its  passage,  and  hence  residual  portions  arrested  between  the  sheets  of 

*  Technically,  flowage  takes  place  by  shear,  but  it  is  the  shear  of  each  part  on  every 
other  adjoining  part,  while  in  the  more  common  usage  here  followed,  the  shear  is 
confined  to  selected  planes. 
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the  shearing-zone  may  well  be  supposed  to  have  given  rise  to  that  alternation  of 
sheets  of  igneous  rock  and  foliated  rock  which  constitutes  a  common  and  typical 
phenomenon  of  the  Archean  terranes.  It  may  well  be  supposed  further,  that  the 
more  viscous  igneous  rocks,  by  graduaUy  stiffening,  might  often  lodge  in  the  more 
nearly  horizontal  stretches  of  the  shearing  zone,  in  large,  flattened,  disk-like  lenses, 
and  constitute  batholiths.  The  enormous  areas  occupied  by  the  Archean  batho- 
liths  seem  to  find  in  this  an  explanation  that  does  not  involve  the  serious  dis- 
placements of  adjacent  rock  usually  assigned  to  them. 

Secondary  or  tensional  movements. — In  the  foregoing  primary  deformations 
the  movements  are  essentially  compressive  in  effect.  Incidentally,  some  tension 
is  involved  in  particular  portions,  as  on  the  tops  of  folds,  and  perhaps  on  the  great 
arches  of  the  plateau-swells,  and  elsewhere.  These  primary  processes  therefore  offer 
no  adequate  explanation  of  the  prevalence  of  tension  in  the  outer  part  of  the 
continents.  As  these  tensional  phenomena  are  widely  prevalent,  they  imply  a 
grneral  cause.  They  are  here  referred  to  secondary  action,  following  upon  the 
primary  deformation.  In  the  sinking  of  the  great  sectors  and  in  their  mutual 
crowding,  especially  in  the  formation  of  plateaus,  it  is  held  that  portions  of  the 
continent  were  relatively  elevated  above  the  plane  of  isostatic  equilibrium,  and, 
as  the  mass  of  the  interior,  though  solid,  is  not  absolutely  rigid,  there  is  ground 
for  the  presumption  that  the  excess  of  gravity  in  the  protuberant  portions  was 
gradually  relieved  by  their  slow  sinking;  in  other  words,  a  secular  movement 
in  the  direction  of  isostasy  would  follow  the  periods  of  deformation.  This  view 
is  especially  applicable  to  the  great  plateaus.  A  direct  movement  downward, 
which  would  be  the  primary  phase  of  an  isostatic  movement,  would,  however, 
tend  to  develop  thrust,  but  because  of  the  protuberance  a  lateral  creep  is  pos- 
tulated. Such  a  creep  is  postulated  regardless  of  isostasy.  The  continents  now 
rise  about  3  miles  above  the  average  ocean  bottom,  and  much  more  than  that  in 
certain  portions.  Since  the  voliune  of  the  ocean  has  probably  not  greatly  changed 
during  known  geological  time,  and  since  the  continents  appear  to  have  risen  to 
and  above  the  surface,  about  as  now,  in  the  earliest  known  geological  agee,  it  is 
assumed  that  similar  differences  of  relief  have  prevailed  at  the  various  known 
deformative  periods.  We  have  seen  that  the  gravitative  pressure  at  3  miles 
depth  is  nearly  or  quite  as  great  as  the  shearing-resistance  at  that  depth.  If  a 
shearing-zone  at  depths  of  3  to  5  miles  had  already  been  developed  during  the 
primary  deformation,  this  would  facilitate  a  reversed  movement  along  the  same 
shear-planes.  It  is  therefore  conceived  that  the  continental  platforms,  by  press- 
ing upon  their  bases  to  the  extent  of  16,000  to  30,000  pounds  to  the  square  inch, 
would,  though  opposed  by  perhaps  5000  pounds  per  square  inch  pressure  from 
the  oceans,  gradually  creep  laterally  under  their  own  gravity,  in  a  slow  glacier- 
like way.  This  supposed  lateral  creep  should  be  attended  by  crevassing,  fissuring, 
and  normal  faulting;  in  other  words,  by  the  prevalent  tensional  phenomena  which 
Pie  continents  present.  It  should  be  much  more  marked  in  the  plateau  regions 
than  elsewhere,  because  of  their  superior  elevation,  and  it  is  there  that  normal 
faulting  is  most  pronoimced. 

HorstSi   rift-valleys,  etc. — In  a  tensional  movement  of  this  kind,  affected  by 
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various  inequalities  of  bottom,  of  the  shear-zone,  and  of  resistance  to  creep, 
certain  blocks  of  the  shell  may  well  be  supposed  to  settle  away  from  other  blocks, 
leaving  them  protuberant  as  horsts.  Certain  other  blocks  might  drop  to  levels 
lower  than  the  adjacent  ones,  to  fill  the  vacancy  made  by  the  spreading  apart  of 
neighboring  blocks.  Tiltings,  rift-valleys,  and  other  phenomena  common  to 
tensional  areas  would  be  natural  accompaniments. 

Relations  to  sedimentation. — Lateral  creep  from  continental  to  oceanic  areas 
should  gradually  lower  the  continents,  particularly  at  their  borders,  and  so  induce 
a  landward  creep  of  the  sea,  giving  rise  to  tracts  of  shallow  water  (epi-continental 
seas)  well  adapted  to  the  shallow-water  sedimentation  which  has  prevailed  in 
the  continental  areas  during  the  course  of  known  geological  history.  It  should, 
furthermore,  give  rise  to  slight  changes  of  elevation,  by  reason  of  the  lateral  move- 
ment over  inequalities  of  base.  Gentle  warpings,  undulations,  and  crevassings, 
should  occur,  as  in  glaciers,  and  for  like  reasons.  Movements  of  these  kinds, 
because  of  their  extreme  gentleness,  would  be  admirably  adapted  to  promote 
those  conmion  phases  of  stratification  in  which  a  nearly  constant  but  slightly 
changing  depth  of  water  is  maintained  for  long  periods.  The  movement  would 
also  constitute  an  element  in  base-leveling. 

On  the  borders  of  the  continents,  such  supposed  creep  should  give  rise  to 
several  peculiar  results  that  will  be  discussed  under  the  Pliocene  and  later 
periods,  since  they  seem  to  have  specially  manifested  themselves  at  these  times. 


CHAPTER  III. 
THE  ARCHEOZOIC  ERA. 

The  sketches  of  the  earlj''  stages  of  the  earth's  history  presented 
in  the  last  chapter  are  at  best  only  inferential,  since  they  are  not  based 
on  facts  definitely  recorded  in  any  part  of  the  earth's  structure  which 
is  open  to  observation;  yet  they  form,  none  the  less,  an  indispensable 
preparation  for  the  most  intelligent  study  of  that  part  of  the  earth's 
history  which  is  recorded  in  accessible  rock  formations.  As  a  brief 
rfeum^  in  a  more  concrete  form,  Figs.  33,  34,  and  35,  which  represent 
diagrammatic  radial  sections  illustrative  of  the  different  conceptions 
of  the  constitution  of  the  earth's  interior,  are  here  introduced  with 
the  following  summary: 

1.  According  to  the  current  conception  of  the  history  based  on  the 
gaseo-molten  hypothesis  (Fig.  33)  there  should  be  pre-sedimentary 
igneous  or  meta-igneous  rock  at  all  points  below  the  prevailing  surface 
sedimentary  rocks.  The  plane  of  demarkation  between  these  two 
classes  of  rock  should  be  a  sharp  one,  except  in  so  far  as  obscured  by 
the  extrusions  and  intrusions  of  igneous  rock  which  cross  it,  and  by 
the  infolding  of  sedimentary  rocks  in  the  lower  mass.  The  fact  that 
both  the  infolded  sedimentary  and  the  extruded  and  intruded  igneous 
rocks  may  have  become  metamorphic,  might  make  the  separation  of 
the  pre-sedimentary  rocks  from  the  rocks  of  lesser  age  difficult,  locally; 
but  taken  as  a  whole,  the  distinction  should  be  recognizable. 

2.  According  to  the  modified  form  of  the  gaseo-molten  hypothesis, 
suggested  in  Chapter  II  (p.  88),  there  would  be  no  sharp  plane  of 
demarkation  between  the  original  crust  below  and  a  dominantly  sedi- 
mentary or  meta-sedimentary  series  above,  for  between  them  there 
would  be  a  zone  composed  of  mingled  igneous  and  sedimentary  rocks, 
or  their  metamorphic  equivalents  (Fig.  34).  This  intermediate  zone, 
in  turn,  might  not  be  sharply  differentiated  either  from  the  original 
crust  below  or  the  sedimentary  group  above. 
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3.  According  to  the  planetesimaJ  theory,  the  core  of  the  earth  (Fig.  35) 
is  made  up  of  planetesimal  matter,  perhaps  corresponding  somewhat 
in  composition  to  meteorites.  After  aggregation,  the  planetesimal 
matter  was  probably  recrystallized  under  the  influence  of  the  heat 
and  pressure  which  the  aggregation  involved,  the  resulting  rock  being 
essentially  igneous  in  its  nature.  Outside  the  central  core  there  should 
therefore  be  (1)  a  thick  zone  made  up  largely  of  planetesimal  matter. 


Fig.  33. — ^A  diagrammatic  sector  of  the  earth  illustrating  its  structure  according  to 
the  Laplacian  hypothesis.  The  great  body  of  the  earth  is  made  up  of  the  original 
igneous  rock.  Sedimentary  rocks,  together  with  some  extrusive  rocks,  make  but 
a  thin  coating,  represented  in  the  diagram  by  black,  outside  the  great  igneous 
interior.  The  original  igneous  rock  is  represented  as  appearing  at  the  surmce  in 
some  places  (At).  This,  according  to  one  view,  might  represent  the  Archean 
rock. 

but  partly  of  igneous  rocks  erupted  from  below,  and  partly  of  sedimentary 
rocks.  The  planetesimal  matter  is  assumed  to  predominate  in  the 
lower  and  major  part  of  this  zone;  igneous  rock,  eruptive  and  irruptive, 
is  assumed  to  have  a  somewhat  irregular  distribution  within  it;  while 
the  sedimentary  rock  increases  in  importance  above,  though  remaining 
throughout  a  very  subordinate  constituent.  This  zone  records  the 
growth  of  the  earth  from  the  initiation  of  volcanic  and  atmospheric 
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processes  to  the  close  of  the  period  of  notable  growth  by  accretion.  The 
central  core  and  this  thick  zone  about  it  represent  the  Formative  eon 
(p.  119).  (2)  The  next  zone,  probably  a  relatively  thin  one,  is  assumed 
to  be  made  up  dominantly  of  extrusive  igneous  rocks,  with  which  would 
be  associated  subordinate  amounts  of  sedimentary  matter  and  matter 


Fig.  34. — Diagrammatic  sector  of  the  earth  illustrating  its  composition  on  the  modi- 
fied form  of  the  Laplacian  hypothesis.  As  in  the  preceding  figure ,  the  great  body 
of  the  earth  is  made  up  of  the  original  igneous  rock.  Outside  this  original  igneous 
mass,  there  is,  accoralng  to  this  hypothesis,  a  zone  of  extrusive  material,  with 
perhaps  some  sedimentary  rock  intermingled.  This  is  represented  by  zone  2  in 
the  diagram.  The  material  of  this  zone  is  represented  as  coming  to  the  surface 
at  two  points  (Ai).  Outside  this  zone,  there  is  a  third  zone  made  up  primarily 
of  sedimentary,  but  subordinately,  of  extrusive  rocks.  According  to  one  inter- 
pretation, the  material  of  the  second  zone  might  constitute  the  Archean  rock. 

gathered  in  from  space.  This  zone  represents  the  Extrusive  eon  (p. 
119).  (3)  Outside  it  lies  the  superficial  zone  in  which  sedimentary  rocks 
predominate,  though  associated  with  not  a  little  rock  of  igneous  origin. 
The  first  two  zones  outside  the  core  are  assumed  to  be  universal,  while 
the  outermost  zone,  being  composed  primarily  of  material  washed 
down  from  the  land  and  deposited  in  the  sea,  fails  to  encircle  the  globe. 
The  oldest  accessible  formation. — ^With  these  ideal  sections  in  mind, 
it  is  pertinent  to  inquire  what  might  be  the  nature  of  the  oldest  rock 
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formations  accessible,  on  the  various  hypotheses  which  the  diagrams 
represent.  The  deepest  excavations  yet  made  in  the  earth  are  but 
little  more  than  a  mile  in  depth,  and  while,  by  reason  of  upturning, 
and  erosion,  rocks  which  once  lay  at  greater  depths  below  the  surface 
have  been  exposed,  the  maximimi  thickness  of  rocks  open  to  observa- 
tion is  but  a  few  miles.  Knowledge  of  rock  formations  and  structures, 
based  on  observation,  is  therefore  limited  to  some  such  thickness. 


Fio.  35. — Diagram  representing  the  structure  of  the  earth  according  to  the  planetesi* 
mal  hypothesis.  The  material  of  zones  1  and  2  is  indicated  in  the  diagram.  Zone 
3  of  this  figure  corresponds  to  zone  2  of  Fig.  34,  and  zone  4  of  this  figure  corre- 
sponds to  zone  3  of  Fig.  34. 

1.  On  the  simpler  form  of  the  gaseo-molten  hypothesis,  we  might 
hope  to  reach  the  original  crust;  for,  considering  the  depths  to  which 
rocks  are  exposed,  it  is  not  rational  to  suppose  that  this  crust,  the 
principal  source  whence  sedimentary  rocks  were  derived,  is  everywhere 
covered  so  deeply  by  the  derivative  material  as  to  be  inaccessible. 
2.  According  to  the  modified  form  of  the  gaseo-molten  theory,  the 
oldest  accessible  rock  might  not  be  lower  than  the  deeper  portion  of  the 
zone  of  mingled  extrusive  and  sedimentary  rocks  intermediate  between 
the  original  crust  below  and  the  dominantly  sedimentary  S3r8tems  above. 
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3.  On  the  planetesimal  hypothesis,  the  oldest  rocks  to  which  we  might 
hope  to  gain  access  would  be  those  referred  to  the  Extrusive  eon  (p. 
119),  during  which  more  or  less  sedimentary  rock  was  mingled  with 
the  volcanic.  On  this  hypothesis,  as  on  the  preceding,  no  sharp  line 
of  demarkation  would  be  expected  between  dominantly  sedimentary 
rocks  above,  and  dominantly  non-sedimentary  rocks  below. 

The  rock-formations  now  most  widely  exposed  at  the  surface  are 
sedimentary,  and  were  therefore  formed  during  the  time  of  atmospheric 
and  hydrospheric  dominance,  that  is,  during  the  great  Gradational 
eon  (p.  119).  In  not  a  few  places,  however,  formations  of  dominantly 
extrusive-igneous  or  meta-igneous  origin  are  found,  either  beneath 
the  prevailing  sedimentary  rocks,  or  projecting  up  through  them  in 
such  relations  as  to  show  their  greater  age.  In  many  cases  these 
inferior  rocks  were  thoroughly  metamorphosed,  and  in  essentially  their 
present  condition,  before  the  deposition  of  the  overlying  beds,  for  masses 
of  metamorphic  rock  derived  from  them  are  included  in  the  non- 
metamorphic  series  above.  These  igneous  and  meta-igneous  forma- 
tions which  antedate  the  oldest  known  series  of  rocks  made  up  chiefly 
of  sediments,  are  the  oldest  rock-formations  known,  and  the  era  during 
which  they  were  formed  is  therefore  the  first  era  of  which  there  is 
definite  record  in  the  accessible  formations  of  the  earth. 

These  rocks  consist  of  a  very  complex  series  of  formations,  embrac- 
ing lava  outflows,  volcanic  tuffs,  igneous  intrusions  of  various  types 
and  exceptional  extent,  together  with  some  sedimentary  deposits, 
all  usually  metamorphosed  and  notably  deformed.  Distinct  fossils 
have  not  been  found  in  these  rocks,  but  the  occasional  presence  of 
(1)  carbonaceous  shales  very  similar  to  younger  shales  which  derived 
their  carbon  from  organic  sources,  (2)  iron-ore  beds  similar  to  those 
which  owe  their  origin  to  plant  action,  and  (3)  occasional  limestones 
and  cherts  which,  as  a  class,  are  usually  the  products  of  organic 
action,  are  thought  to  imply  the  existence  of  life,  and  to  warrant 
placing  the  era  when  these  rocks  were  formed  in  the  "zoic"  group. 
This  view  is  supported  by  the  theoretical  probability  that  life  extended 
back  through  a  vast  period  unrecorded  by  fossils,  since  the  earliest 
fossils  yet  found  imply  a  very  prolonged  antecedent  evolution.  The 
era  during  which,  or  during  the  later  part  of  which,  this  oldest  system 
of  accessible  rock-formation  was  made,  is  the  Archeozoic  era. 

Under  the  planetesimal  hypothesis,  the  oldest  known  rocks  may 
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be  confidently  referred  to  the  Archeozoic  era,  for,  according  to  this 
hypothesis,  rocks  of  organic  origin  and  rocks  containing  organic  prod- 
ucts were  not  only  mingled  with  all  series  that  are  accessible,  but  with 
an  indefinitely  deep  series  below,  since  life  is  supposed  to  have  originated 
long  before  the  earth  acquired  its  growth.  The  oldest  formations 
known  may  also  be  Archeozoic  under  the  modified  phase  of  the  molten 
hypothesis  which  has  been  presented  (p.  88);  but  under  the  simpler 
form  of  the  hypothesis  of  a  molten  earth,  the  original  crust  cannot  be 
placed  in  the  Archeozoic  system,  for  its  formation  antedated  the  appear- 
ance of  life.  It  must  therefore  be  assigned  to  an  earlier  "azoic"  or 
"  lithic  "  era  (see  p.  83).  Since  recent  investigations  render  it  extremely 
doubtful  whether  any  accessible  rocks  can  be  referred  to  the  supposed 
original  crust,  there  is  little  groimd  for  referring  any  known  rocks  to 
an  azoic  era  antedating  the  Archeozoic. 

To  avoid  all  difficulties  arising  from  doubt  as  to  the  downward 
extension  of  organic  rocks,  the  non-coDMnittal  term  Archean  (Archean 
system,  Archean  complex)  is  commonly  applied  to  the  formations 
here  referred  to  the  Archeozoic  era.  This  term  is  properly  applicable 
to  the  oldest  group  of  accessible  rocks,  whatever  their  origin,  and 
whether  contemporaneous  with  life  or  antedating  its  introduction. 

Delimitations. — ^The  lower  limit  of  the  Archean  system  is  assimied 
to  be  inaccessible.  Its  wpper  limit  has  been  fixed  at  different  horizons 
by  different  authors.  The  term  Archean  (very  old)  was  originally 
introduced  to  displace  the  older  terms  Azoic  (without  life)  and  Eozoic 
(dawn-life),  whose  etsrmological  meanings  made  them  sometimes 
inadmissible  and  sometimes  of  uncertain  application.  Originally 
the  term  was  made  to  include  all  rocks  below  the  abundantly  fossil- 
bearing  (Cambrian  and  later)  systems;  but  progressive  study  has  shown 
that  there  are  three  or  more  great  systems  of  sedimentary  or  meta- 
sedimentary  rocks  (with  interbedded  igneous  sheets),  unconformable 
with  one  another,  between  the  Cambrian  sedimentaries  above  and  the 
great  complex  of  igneous  and  metamorphic  rocks  below.  It  has  been 
thought  by  leading  geologists  especially  engaged  in  the  investigation 
of  these  formations,  that  the  pre-Cambrian  sjrstems  of  dominantly 
sedimentary  rocks  should  be  separated  from  the  dominantly  igneous 
or  meta-igneous  complex  below.^    Following  their  lead,  these  pre- 

>  Inking,  Seventh  Ann.  Rept.,  U.  S.  Geol.  Surv.,  pp.  448-454,  and  Van  Hiae,  Bull.  86, 
U.  S.  Geol.  Surv.,  pp.  491-493. 
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Cambrian  systems  of  rock,  composed  chiefly  of  sediments,  are  here 
separated  from  the  Archean,  and  designated  Algonkian  or  Proterozoic. 
The  former  term  is  conmionly  used  by  members  of  the  U.  S.  Geological 
Survey,  and  by  some  others,  though  it  is  little  employed  outside  the 
United  States.  It  has  the  same  terminal  form  as  Cambrian,  Silurian, 
etc.,  terms  applied  to  groups  of  strata  of  a  much  lower  order  of  im- 
portance, and  hence  the  term  Proterozoic,  corresponding  to  the  terms 
of  higher  rank,  seems  a  better  name  for  the  great  group  of  systems 
between  the  Archeozoic  below  and  the  Paleozoic  above.  Since  these 
systems  are  very  thick  and  separated  from  one  another  by  great  imcon- 
formities,  they  represent  a  vast  lapse  of  time,  probably  quite  comparable 
in  importance  to  that  of  the  Paleozoic,  Mesozoic,  or  Cenozoic,  or  perhaps 
even  to  all  combined.^ 

There  are  theoretical  reasons  of  some  weight  for  separating  from 
the  Archean  complex  all  series  of  rocks  that  are  made  up,  in  large 
part,  of  quartzose  sandstones,  mudstones,  and  limestones,  or  their 
metamorphic  equivalents.  These  rocks  are  made  up  of  the  products 
of  mature  weathering,  and  therefore  imply  that  the  surface  from 
which  their  materials  were  derived  was  long  exposed  to  chemical  decom- 
position vrithoiU  very  favorable  conditions  for  wash;  otherwise  partially 
decomposed  products  would  have  been  carried  away  and  deposited 
before  decomposition  was  complete,  and  the  result  would  have  been 
arkoses  and  wackes  rather  than  quartzose  sandstones  and  shales. 
A  covering  of  vegetation  is  the  chief  agency  that  now  prevents  this 
premature  wash,  and  secures  mature  decomposition.  While  it  may 
not  be  wholly  safe  to  conclude  that  a  vegetal  covering  of  the  land  was  a 
necessary  condition  for  the  formation  of  the  quartzose  sands  and  the 
muds  which  enter  largely  into  the  systems  referred  to  the  Proterozoic, 
it  seems  best  to  entertain  this  presumption  to  the  extent  of  separating 
these  systems  from  the  more  ancient  complex  of  rocks  in  which  the 
products  of  such  complete  decomposition  do  not  seem  to  prevail.  The 
term  Archean  is  therefore  here  restricted  to  those  formations,  composed 
chiefly  of  igneous  and  meta-igneous  rocks,  which  antedate  the  oldest 
known  dominantly  sedimentary  system.  Since  the  Archean  system 
of  rocks,  as  thus  defined,  is  primarily  of  extrusive-igneous  or  meta- 
igneous  origin,  the  era  during  which  they  were  formed  is,  under  the 
planetesimal  hypothesis,  regarded  as  the  time  of  transition  from  the 
» Van  Rise,  Bull.  86,  U.  S.  Geol.  Surv..  p.  491. 
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earlier  Fonnative  eon  to  the  later  Gradational  eon  (p.  119).  According 
to  the  modified  form  of  the  gaseo-molten  hypothesis  also,  the  Archean 
rocks  may  be  referred  to  the  Extrusive  eon. 

General  Characteristics  of  the  Archean} 

The  Archeozoic  era  was  characterized  by  great  volcanic  activity, 
as  shown  by  the  nature  of  the  formations,  and  by  great  diastrophism 
and  metamorphism,  as  shown  by  the  deformations  and  alterations  which 
the  rocks  had  suffered  prior  to  the  Proterozoic  era  (Fig.  36).  The 
rocks  of  no  later  era  are  so  largely  igneous,  so  notably  deformed,  or  so 
highly  metamorphic.  Because  of  these  characteristics,  the  interpreta- 
tion of  these  rocks  is  difficult,  and  such  \'iews  of  their  classification 
and  correlation  as  are  now  entertained  are  to  be  held  subject  to  emenda- 
tion as  investigation  proceeds. 

Subdivision. — Recent  investigations  seem  to  indicate  that  the 
oldest  parts  of  the  known  Archean  consist  of  altered  surface  flows 
of  lavas,  and  pyroclastic  rocks.  This  implies  a  preexisting  solid 
surface  on  which  the  flows  took  place,  and  therefore  indicates  that 
these  are  not  the  earliest  rocks  that  were  formed. 

Associated  with  the  metamorphosed  surface  lava-sheets  and  pyro- 
clastic formations  there  are  occasional  beds  of  metamorphosed  con- 
glomerate and  shale,  and  teds  of  jasper  and  iron  ore,  all  of  which  imply 
contemporaneous  water-action.  Some  metamorphosed  limestones  and 
sandstones  are  probably  also  to  be  included  in  the  system.  It  is 
probable  also  that  arkoses  and  wackes,  produced  by  partial  weathering 
and  wash,  are  to  be  included.  Such  formations  may  have  been  abun- 
dant, though  not  now  recognized,  for  after   they  are  metamorphosed 

*  The  Archean  was  formerly  thought  to  be  composed  entirely  of  igneous  and  meta- 
igneous  rocks;  see  Bull.  86,  U.  S.  Geol.  Surv.,  pp.  478-484,  and  16th  Ann.  Rept., 
U.  S.  Geol.  Surv.,  Pt.  II,  pp.  747-766.  The  character  of  the  Archean  as  set  forth  m 
these  publications  needs  some  modification  in  the  light  of  more  recent  discoveries. 
The  sedimentary  character  of  parts  of  th^  system  is  set  forth  in  the  following:  Mono. 
XLV,  U.  S.  Geol.  Surv.,  pp.  129,  172-212;  21st  Ann.  Rept.,  U.  S.  Geol.  Surv.,  pp.  317 
and  402-^04;  Mono.  XXVIII,  U.  S.  Geol.  Surv.,  pp.  186-188;  Am.  Geol.,  Vol.  XXVIII, 

1901,  pp.  14-19;  Jour.  Geol.,  Vol.  X,  p.  71;   Rept.  of  Bureau  of  Mmes  of  OnUrior 

1902,  pp.  165-162;  Geol.  Surv.  of  Canada,  Vol.  Ill,  Pt.  I,  F,  1887-99;  Am.  Jour. 
Sci.,  Vol.  50  (1896),  pp.  53-69.  Trans.  Roy.  Soc.  Canada,  1899  and  1901.  In  the 
reference  to  Canadian  localities,  the  rocks  now  classed  as  Archean  (U.  S.)  are 
described  under  the  name  of  Lower  Huronian. 
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it    is    difficult  to  distinguish  them  from  pyroclastic  rocks  and  their 
metamorphic  derivatives. 

At  a  later  stage  there  were  great  intrusions  of  molten  rock  into 
these  surface  formations,  breaking  them  up  and  distorting  and  meta- 
morphosing them  in  greater  or  less  degree.  It  is  not  probable  that 
the  process  of  intrusion  was  distinctly  separated  from  the  process  of 
overflow,  but  the  intrusions,  as  we  now  find  them,  must  have  been 


Fig.  36. — ^Figure  showing  the  crumpled  and  contorted  st-ructure  characteristic 
of  much  of  the  Archean  rock.     From  a  Canadian  locality.     (Ells.) 

preceded  by  the  formation  of  the  rocks  into  which  they  were  intruded. 
To  a  phenomenal  extent,  the  intrusions  seem  to  have  taken  the  form 
of  massive  batholiths,  so  that  when  the  overlying  rocks  were  cut  away 
by  erosion,  as  they  have  been  since,  the  batholiths  came  to  occupy 
large  areas,  and  appear,  on  first  study,  to  constitute  a  great  formation 
by  themselves.  They  were  in  fact  so  interpreted  until  recently,  and 
seem  to  make  up  a  large  part  of  what  has  been  called  the  Laurentian 
formation. 
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It  is  not  improbable  that  the  Archean  is  really  much  more  com^ 
plicated  than  this  rather  simple  statement  impUes.  Not  imUkely, 
it  consists  of  a  much  more  extended  succession  of  formations,  reaching 
indefinitely  downward,  a  succession  such  as  might  naturally  arise 
during  the  processes  of  evolution  sketched  in  the  previous  chapter. 
But  at  the  present  stage  of  investigation  it  is  perhaps  sufficient  for 
a  general  view  to  recognize  two  great  classes  of  formations  as  making 
up  the  definable  Archean,  viz.,  (1)  a  great  schist  series  or  group  of 
series,  and  (2)  a  great  granitoid  series  or  group  of  series. 

(1)  The  great  schist  series. — ^The  schists  of  this  series  are  the  meta- 
morphosed products  of  the  lava  flows,  volcanic  tuffs,  and  the  included 
sedimentaries.  The  transformation  involved  both  katamorphism  and 
anamorphism;  i.e.,  the  lava-flows  were  mashed  down  into  the  schistose 
structure  (metamorphism)  and  the  elastics,  while  also  pressed  into 
the  schistose  form,  were  built  up  molecularly  into  a  crystalline  struc- 
ture (anamorphism).  In  some  portions,  however,  the  original  massive 
condition  of  the  lavas  is  retained.  In  composition  these  schists  and 
massive  igneous  rocks  vary  greatly,  but  since  the  most  abundant 
material  is  of  the  neutral  and  basic  types,  the  commoner  metamorphic 
rocks  are  hornblende  schists,  greenstone  schists,  mica  schists,  etc. 
The  local  formations  of  the  Lake  Superior  region,  the  Mona  schists, 
the  Kitchi  schists,  the  Quinnissec  schists,  and  the  schists  of  the  Keewatin, 
are  regarded  as  members  of  this  group.  How  far  these  and  similar  local 
series  are  equivalent,  and  how  far  they  represent  successive  formations, 
it  is  not  now  possible  to  say. 

(2)  The  great  granitoid  series  (Laurentian). — ^Among  the  most  con- 
spicuous features  of  the  regions  of  Archean  rock,  in  their  present  eroded 
condition,  are  the  great  masses  of  granite  and  gneiss  that  commonly 
appear  as  embossments  protruding  through  the  schists,  or  as  the  country 
rock,  over  great  areas.  Like  the  schists,  they  are  affected  more  or 
less  by  later  intrusions.  Until  recently,  these  granites  and  gneisses 
were  rather  commonly  regarded  as  the  oldest  known  rocks.  Accord- 
ing to  this  view  they  constituted  a  basal  formation,  and  so  were  stjded 
"primitive"  or  ''fundamental."  The  granites  in  particular  were 
once  quite  generally  regarded  as  portions  of  the  original  crust  of  the 
supposed  molten  globe.  The  associated  gneisses  and  other  foliated 
rocks,  however,  were  sometimes  regarded  as  the  highly  metamorphosed 
products  of  very  early  sedimentaries,  supposed  to  have  been  derived 
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from  the  original  crust  under  the  peculiar  conditions  of  a  very  hot, 
acid  atmosphere.  The  granites  and  gneisses  came  to  be  widely  known 
as  the  Laurentian  formation,  on  the  belief  that  they  constituted  a 
distinctive  basal  series;  but  it  is  now  known,  in  many  instances  at 
least,  that  they  are  intrusions  into  the  schist  series.  They  are  therefore 
yoimger  than  the  latter.  The  gneisses  are  now  regarded,  in  the  main, 
as  metamorphic  rocks  derived  from  granites  by  metamorphic  action 
which  mashed  the  massive  rock  down  into  the  foliated  condition. 

In  the  formation  of  both  the  surface  flows  and  the  intrusions,  the 
ascending  lavas  must  have  occupied  numerous  fissures  or  conduits 
connected  with  the  interior,  and  hence  there  came  to  be  numerous 
dikes  and  other  forms  of  intrusions,  traversing  such  parts  of  the  Archean 
formation  as  had  already  been  formed.  It  is  also  to  be  borne  in  mind 
that  all  subsequent  igneous  action  required  passageways  for  the  lavas 
through  the  Archean,  and  that  they  also  gave  rise  to  traversing  dikes 
and  intrusions  of  later  date.  These  later  intrusions,  many  of  them 
called  Laurentian  by  Canadian  geologists,  are  of  course  not  properly 
of  Archean  age,  but  they  are  not  always  separable,  and  their  presence 
adds  to  the  complexity  of  the  Archean  as  a  whole. 

Similar  formations  not  Archean.  —  To  avoid  misapprehension,  it 
is  to  be  observed  that  granitic  intrusions  are  not  confined  to  the  schist 
series  above  described.  There  are  granitic  embossments  associated 
with  younger  systems  of  rocks;  but  it  appears  from  present  knowledge 
that  such  intrusions  are  much  more  local  and  incidental  than  in  the 
Archean  system,  where  they  are  so  dominant  as  to  constitute  a  leading 
and  distinctive  feature.  It  is  also  to  be  observed  that  there  are,  in 
various  regions,  great  series  of  gneisses  and  schists,  with  associated 
massive  crystalline  rocks,  which  are  not  Archean  at  all,  but  meta- 
morphosed portions  of  later  formations. 

A  special  characteristic  feature. — A  not  uncommon  feature  in  the 
American  Archean  is  a  series  of  numerous  thin  sheets  of  igneous  rock 
a  few  feet  or  a  few  yards  apart,  which  penetrate  the  gneisses  or  schists 
in  directions  more  or  less  parallel  to  their  foliation,  gi\ang  rise  to  a 
coarse  interleaving  of  later  igneous  and  earlier  foliated  rock.  This 
is  so  conmion  as  to  be  regarded  by  Van  Hise  as  characteristic  of  the 
Archean,  since  it  is  not  known  to  prevail  in  any  later  formation.  These 
interleaved  dike-sheets  are  commonly  truncated  at  their  junction  with 
the  overlying  Proterozoic  formations,  which  shows  that   they  were 
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formed  not  only  before  that  series,  but  before  the  erosion  which  affected 
the  Archean  prior  to  the  deposition  of  the  base  of  the  Proterozoic. 

The  diastrophism  of  the  Archeozoic  era. — It  is  probable  that  the 
intrusion  of  the  great  granitic  masses  was  in  itself  a  notable  factor 
in  the  distortion  which  the  schist  series  suffered,  but  it  can  hardly 
be  assumed  that  the  development  of  the  schistose  structure  in  great 
bodies  of  massive  igneous  rock  was  effected  simply  by  the  intrusion 
of  lavas.  Much  less  can  the  crushing  down  of  extensive  bodies  of 
granite  into  gneiss  be  assigned  to  their  intrusion  in  the  molten  state. 
The  simplest  and  most  satisfactory  explanation  of  the  prevalent  foliated 
structure,  of  the  interleaved  igneous  sheets  and  of  the  batholiths  seems 
to  be  that  previously  suggested  (p.  130),  which  refers  all  such  structures 
chiefly  to  the  shearing  zone  between  the  outer  shell  and  the  massive 
interior.  If  this  be  not  entertained,  some  help  toward  an  explanation 
is  the  conception  that  the  extensive  introduction  of  batholithic  masses 
in  the  earlier  series  of  surface  formations,  resulting  in  much  disruption 
and  distortion,  would  leave  the  whole  in  a  condition  well  suited  to 
develop  extreme  irregularity  and  intricacy  of  structure,  whenever 
sufficient  diastrophism  was  brought  to  bear  upon  the  whole.  Under 
these  conditions,  the  included  bosses  of  granitic  rock  would  be  peculiarly 
well  situated  for  the  development  of  the  concentric  schistose  structure 
which  is  a  common  feature  of  the  Archean  system. 

In  still  another  way  (p.  117)  igneous  action  probably  aided  in  the 
deformation  of  the  rocks.  The  transfer  of  so  much  material  from 
below,  and  its  introduction  into  the  outer  parts  of  the  earth,  developed 
lateral  pressure,  not  only  by  the  intrusion  and  by  the  heat  accom- 
panying it,  but  also  by  causing  the  outer  parts  to  settle  down  to  take 
the  place  of  the  material  transferred  from  below.  The  weight  of  the 
lavas  spread  upon  the  surface  tended  to  the  same  end.  The  natural 
result  would  be  lateral  thrust  in  the  outer  parts  of  the  earth,  and  this 
thrust  would  be  relieved  by  the  bending  and  crumpUng  of  the  rocks 
(Fig.  37),  and  by  shear.  Under  the  circumstances,  this  would  be  very 
irregular  and  intimate.  Superposed  upon  this  were  the  general  forces  of 
distortion  which  were  operative  with  peculiar  intensity  in  the  earlier 
stages  of  the  earth's  evolution,  as  previously  indicated  (p.  122). 

Hetamorphism. — ^That  the  rocks  should  have  undergone  extraor- 
dinary metamorphism  under  the  conditions  described  is  most  natural. 
It  has  been  demonstrated  that  what  were  once  massive  igneous  rocks 
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have  been  crushed  and  sheared  so  as  to  develop  a  foliated  or  schistose 
structure.^  It  is  in  the  rocks  of  this  era  primarily  that  metamorphism 
of  this  type  is  most  commonly  found.  TTiis  is  now  regarded  as  having 
been  a  very  extensive  phenomenon,  the  larger  part  of  existing  gneisses, 


Fig.  37. — Figure  showing  the  crumpled  and   contorted   structure   characteristic  of 
much  of  the  Archean  rock.     From  a  Canadian  locality.     (Ells.) 

as  well  as  a  considerable  portion  of  existing  schists,  having  acquired 
their  foliated  structure  by  mashing  and  shearing.  It  is  not  to  be  over- 
looked, however,  that  some  of  the  schists  and  perhaps  some  of  the 
gneisses  arose  from  clastic  formations  by  anamorphic  processes. 

Distribution  and  Local  Deatclopment. 

General  distribution. — ^The  Archean  is  the  one  accessible  rock 
system  which  is  theoretically  universal,  in  the  sense  that  it  underlies 

*  E.  Emmons,  Report  of  the  Midland  Counties  of  N.  C,  1856;  Lieber,  Second 
Ann.  Rept.  on  the  Progress  of  the  Surv.  of  S.  C,  1858;  IrvTng,  Geol.  of  Wis.,  Vol.  I., 
pp.  340-61;  Adams,  F.  D.,  Rept.  of  the  Brit.  Assoc,  for  the  Adv.  of  Sci.,  1886;  Wil- 
liams (G.  H.)  Bull.  62,  U.  S.  Geol.  Surv.  and  Proc.  Am.  Assoc,  for  the  Adv.  of  Sci., 
36th  meeting,  1887;  and  Van  Rise,  Sixteenth  Ann.  Rept..  U.  S.  Geol.  Surv.,  Pt.  I. 
and  others. 
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the  whole  surface  of  the  globe.  No  later  system  does  this.  Wherever 
the  Archean  comes  to  the  surface  all  later  formations  are  absent, 
and  some  of  them  are  absent  elsewhere.  In  speaking  of  the  distribu- 
tion of  a  formation,  it  is  generally  understood,  unless  otherwise  indi- 
cated, that  its  distribution  at  the  surface  is  meant,  and  in  speaking  of 
its  surface  distribution,  the  mantle  rock,  glacial  drift,  etc.,  which 
overlie  and  conceal  it  are  usually  ignored,  unless  they  are  so  deep 
as  to  make  the  underlying  formation  indeterminable.  When  the 
surface  distribution  of  the  formation  is  given,  therefore,  it  is  not  to 
be  understood  that  the  formation  is  literallj''  at  the  surface  everywhere 
within  the  area  specified,  but  that  it  is  actually  exposed  here  and  there 
within  that  area,  and  that  between  the  points  of  exposure  it  is  the 
uppermost  formation  beneath  the  mantle  rock.  In  this  sense  the 
Archean  rocks  are  estimated  to  appear  at  the  surface  over  about  one 
fifth  of  the  area  of  the  land;  but  since  much  of  Asia,  Africa,  and  South 
America,  and  the  less  accessible  portions  of  other  grand  divisions  have 
only  been  reconnoitered  geologically,  this  fig\u*e  has  only  the  value  of 
a  general  estimate. 

In  North  Amerlcay^  by  far  the  largest  area  of  Archean  rock  lies 
in  Canada.  It  occupies  nearly  the  whole  of  the  Labrador  peninsula, 
and  stretches  thence  in  a  broad  tract  southwestward  to  the  Une  of 
the  Great  Lakes,  and  thence  northwesterly  to  the  Arctic  ocean,  east 
of  the  Mackenzie  valley.  This  general  statement  is  to  be  qualified  by 
observing  that  formations  of  the  Proterozoic  era  occupy  numerous 
tracts  within  this  area,  and  that  many  of  them  have  not  been  separated 
from  the  Archean.  A  few  small  areas  of  still  later  formations  overlie 
the  Archean  at  certain  points  within  this  tract,  but  as  the  Archean 
imderlies  such  formations  at  no  great  depth,  the  general  statement 
made  above  is  not  seriously  incorrect.  This  Canadian  area  is  often 
likened  to  a  great  ''V"  or  *'U"  with  its  apex  resting  on  Lake  Superior, 

*The  literature  on  the  Archean  (as  well  as  Algonkian  [Proteroaoic])  of  North 
America  was  summarized  by  Van  Hise  in  Bull.  86,  U.  S.  Geol.  Surv.,  in  1892.  Thid 
publication  gives  full  bibliography  to  its  date.  A  later  (1896)  and  briefer  summary 
of  the  same  subjects  by  the  same  author  was  published,  Pt.  II,  16th  Ann.  Rept.,  U.  S. 
Geol.  Surv.,  pp.  744-843.  The  pre-Cambrian  literature  since  1892  has  been  sum- 
marized from  time  to  time  by  the  same  author,  and  by  Leith,  in  the  Jour,  of  Geol., 
as  follows:  Vol.  I,  pp.  304  and  532;  II,  pp.  109  and  444;  III,  pp.  227  and  709;  IV, 
pp.  362  and  744;  VI,  pp.  527,  739,  and  840;  VII,  pp.  190, 406, 702,  and  790;  VIII,  p.  512; 
IX,  pp.  79  and  441 ;  and  XII,  pp.  63  and  161. 
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Fio.  38.— Hie  white  areas  north  of  Mexico  represent  exposures  of  Arehean  with  some 
undifferentiated  Proterozoic;  the  white  areas  south  of  the  United  States  represent 
lack  of  knowledge;  the  black  areas  represent  exposures  of  Proterozoic,  while  the 
lined  areas  represent  Arehean  or  Proterozoic,  beneath  later  formations.  The  light 
shading  about  the  borders  of  the  land  represents  the  area  of  the  continental  platform 
covered  by  sea-water,  or  what  is  the  same  thing,  the  area  of  the  epicontinental  sea 
for  this  continent. 
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and  its  arms,  embracing  the  Hudson  Bay  basin,  but  the  simile  is  not 
very  accurate.  The  distribution  may  be  seen  in  truer  form  and  in 
greater  detail  on  the  accompanying  map  (Fig.  38),  in  which  the  white 
areas  indicate  Archean  rock  at  the  surface,  the  black  areas  Proterozoic 
rocks,  and  the  lined  areas  either  Archean  or  Proterozoic  rocks  under- 
lying later  formations.  As  mdicated  above,  the  Archean  rocks  are 
believed  to  underlie  all  later  formations  everywhere,  but  the  lined 
areas  of  the  map  are  intended  to  represent  only  those  portions  that 
are  believed  to  have  constituted  a  part  of  the  continental  platform, 
and  not  improbably  were  exposed  at  some  time  as  land.  It  is  to  be 
understood  that  this  map  is  no  more  than  a  rough  approximation, 
representative  of  the  present  stage  of  mapping  and  interpretation. 
Closely  related  to  this  great  Canadian  area  are  tracts  in  Michigan  and 
Wisconsin,  in  Minnesota,  and  in  the  Adirondack  region  of  New  York, 
though  at  least  some  of  the  rocks  of  this  last  region  are  probably 
younger  (Proterozoic). 

Lying  rudely  parallel  to  the  great  Canadian  area  on  the  southeast 
is  a  broken  series  of  probably  Archean  tracts  extending  from  New- 
foundland to  Alabama.  Similarly,  on  the  southwest  side  there  is 
a  belt  of  detached  areas  stretching  from  New  Mexico  to  Alaska.  In 
few  places  within  these  belts  have  the  ancient  rocks  been  studied  in 
great  detail. 

Greenland,  so  far  as  can  be  judged  from  its  known  borders,  is 
occupied  by  crystalline  rocks  of  probable  Archean  age,  and  the  same 
may  be  said  of  large  tracts  imperfectly  known  on  the  west  side  of 
Baffin  bay. 

Partly  because  of  the  inherent  difficulties,  and  partly  because 
of  the  inaccessibility  of  a  large  part  of  this  great  Archean  tract,  careful 
detailed  work  has  as  yet  covered  but  a  small  part  of  it.  The  vicinity 
of  Lake  Superior  m  Canada,  Michigan,  Wisconsin,  and  Minnesota 
(Fig.  39),  the  original  Huronian  area  north  of  Lake  Huron,  and  the 
Ottawa  region  in  Ontario,  have  been  the  classic  areas  of  investigation. 

Local  development.* — A  definite  conception  of  the  character  of  the  Archean 
is  best  obtained  by  the  study  of  its  local  development  in  typical  regions  that 

'  In  addition  to  the  references  given  in  connection  with  the  following  paragraphs, 
the  Archean  appears  on  the  maps  of  the  following  folios  of  the  U.  S.  Geol.  Surv.: 
Ariz(ma,  Globe  and  Bisbee;  Colorado y  Ten  Mile,  Anthracite-Crested  Butte,  Pueblo, 
Walsenburg,  and  Pike's  Peak;  District  of  Columbia,  Washington;  Michigan,  Menomi- 
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have  been  investigated  in  some  detail.  The  following  brief  statements  con- 
cerning the  rocks  of  the  system  at  selected  points  may  be  supplemented  by  the 
study  of  the  original  treatises  referred  to. 

In  the  Marquette  region  of  northern  Michigan,  the  Archean  consists  of  (1) 
the  KeeuDoiin,  Mona,  and  Kitchi  schists  (metamorphosed  lavas  and  tuffs),  with 
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Fig.  39. — ^Map  of  the  Lake  Superior  region  showing  the  distribution  of  Archean, 
Huronian,  Animikean.  Keweenawan,  and  post-rroterozoic  formations.  (\an 
Rise  and  Leith,  U.  S.  Geol.  Surv.) 

which  are  associated  serpentines  and  dolomites  (both  derived  in  part  from  peri- 
dotites),  and  (2)  the  Laurentian,  gneissic  granite  and  more  or  less  syenite,  intru- 
sive in  the  schists.  These  rocks  are  affected  by  numerous  dikes  and  bosses  of 
diabase,  basalt,  and  granite.'  A  section  showing  the  relations  of  the  Archean 
to  the  Proterozoic  rocks  in  this  region  is  given  in  Fig.  40. 

In  the  Menominee  region,  a  little  farther  south,  the  Archean  consists  of  (1) 


nee;  Montana^  Fort  Benton,  Little  Belt,  Three  Forks,  and  Livingston;  North 
Carolina-Tennessee,  Asheville  and  Cranberry;  Tennessee-North  Carolina,  Greenville; 
Wyoming^  Absaroka  and  Yellowstone. 

» Van  Hise,  15th  Ann.  Kept.,  U.  S.  Geol.  Surv.,  pp.  517-589,  and  Van  Hise,  Bay- 
ley  and  Smyth,  Mono.  XXVII,  U.  S.  Geol.  Surv. 
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Keewatin,  greenstone  schists  and  spherulitic  greenstone,  cut  by  dikes  of  gabbro, 
diabase,  and  granite,  and  schistose  quartz-porphyry  (Quinnesec  schist)  below, 


Fig.  40. — ^Figure  showing  the  structure  of  Archean  and  Iluronian  formations  in  one 
locality  in  the  Marquette  region  of  northern  Michigan.  The  Archean  formations 
are :  sy,  syenite,  and  ms,  Mona  schist.  The  Huronian  formations  are :  Aim,  Mes- 
nard  quartzite;  AUc,  Kona  dolomite:  Alw,  Wewee  slate;  Ala,  Ajibik  quartzite; 
A  Is,  Siamo  slate;  and  A  In,  Negaunee  formation  (iron-bearing).  Length  of  section, 
3  miles.     (Van  Hise,  U.  S.  Geol.  Surv.) 

and  (2)  Laurentian,  granites,  gneisses,  hornblende,  greenstone,  and  mica  schists 
above.  The  lower  division  is  similar  to  the  schists  of  the  Marquette  region,  and 
represents  metamorphosed  igneous  rocks  of  diverse  origin  (flows,  tuffs,  ashes,  etc.)  .* 

In  the  Mesabi  district  of  northeastern  Minnesota '  the  Archean  consists  prin- 
cipally of  various  greenish  rocks  (Keewaiin),  including  dolerites,  basalts,  diorites, 
micaceous  and  chloritic  schists,  with  spherulitic  structures  common  in  the  more 
massive  portions,  all  of  igneous  or  meta-igneous  origin.  With  the  greenstones 
there  are  some  granites  and  porphyritic  rhyolites. 

In  the  Vermilion  district ^^  the  Archean  consists  of  (1)  Kecwatin,  the  Ely  green* 
stone,  and  the  Soudan  formation,  and  (2)  LaurerUian  granites.  The  first  is 
altered  extrusive  rock  of  andesitic  and  basaltic  types.  Locally  they  retain 
spherulitic  and  amygdaloidal  structures,  but  they  are  largely  schistose.  The 
Soudan  formation  is  meta-sedimentary,  consisting  of  basal  conglomerate  derived 
from  the  Ely  greenstone  below,  and  an  iron-bearing  portion  above.  The  latter 
consists  of  banded  white  chert,  red  jasper,  carbonate-bearing  chert,  griinerite- 
magnetite  schist,  magnetite,  pyrite,  and  hematite.  Iron  ore  derived  from  the 
Archean  is  extensively  mined  in  this  region.  The  original  forms  of  the  iron 
were  the  carbonate  and  the  silicate  (sedimentary).  Its  change  to  iron  oxide 
(chiefly  hematite),  and  its  concentration,  as  now  foimd,  were  effected  subse- 


e  the  carbonate  and  the  silicate  (sedimentary).    Its  chi 
efly  hematite),  and  its  concentration,  as  now  foimd,  we 

,y'  .  yj,y.  ^..y^/y'yj  j,^j  /j  j'^,  y^  -^^  A...  MV.^  ^  -.1^/,^'/ 
,  41. — Figure  showing  the  relations  of  the  Archean  and  Huronii 
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Fio.  41. — Figure  showing  the  relations  of  the  Archean  and  Huronian  rocks  at  a  locality 
in  the  Vermilion  district.  Archean  formations:  -^e,  Proterozoic  formations,  Pro, 
O^shkee  conglomerate,  and  Prk,  Knife  Lake  slates.  Length  of  section,  about  9 
miles.     (Clements,  U.  S.  Geol.  Surv.) 

quently*  (see  Iron  Ores,  C!hapter  W),    The  granites  are  intrusive  in  the  Ely 
greenstone  and  the  Soudan  formation.*    Figs.  41  and  42  show  the  relations 

*  Van  Hise  and  Bayley,  Menominee  folio,  U.  S.  Geol.  Surv.;  also  Bayley,  Mono. 
XLVI,  r.  S.  Geol.  Surv. 

'Leith,  Mono.  XLIII,  U.  S.  Geol.  Surv.;  Winchell,  Geol.  and  Nat.  Hist.  Surv. 
of  Minn.,  Vol.  IV. 

»  Clements,  Mono.  XLV,  IT.  S.  Geol.  Surv. 

<  Van  Hise,  21st  Ann.  Kept.,  U.  S.  Geol.  Surv.,  Pt.  III. 

•Leith,  Mono.  XLIII,  U.  S.  Geol.  Surv.;  Minn.  Geol.  Surv.,  Vol.  IV,  pp.  622-46. 
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of  the  several  members  of  the  Archean  to  one  another  and  to  the  Proterozoic 
in  certain  parts  of  this  region. 

In  the  Rainy  Lake  and  Lake  of  the  Woods  distt-icts  of  Canada,  the  Archean 
consists  of  (1)  Keewatin,^  metamorphosed  basalts,  diorites,  and  other  basic  igneous 


Fig.  42. — Figure  showing  the  relations  of  Archean  and  Huronian  formations  in  another 
locality  in  the  Vermilion  district  of  Minnesota.  Archean  formations :  Mgr,  Archean 
granite;  ^s,  Soudan  formation;  -^c,  Ely  greenstone.  Proterozoic  formations: 
Alo,  Ogishkee  conglomerate;  Alk,  Knife  Lake  slates.  Length  of  section,  about 
5  nules.     (Clements,  U.  S.  Geol.  Surv.) 

rocks,  associated  with  narrow  bands  of  carbonaceous  slate  and  limestone,* 
(2)  Jjiurentian  granites  and  gneisses  intrusive  into  the  Keewatin. 

The  Archean  complex,  Keewatin  and  Laureniian,  is  also  found  on  the  north  shore 
of  Lake  Huron,  where  it  is  overlain  by  pre-Cambrian  rocks,  chiefly  sedimentary,' 
and  again  in  the  vicinity  of  Ottawa,  where  it  is  composed  mainly  of  granitoid 
gneiss  (Ottawa  gneiss).*  It  is  also  known  at  various  points  about  Hudson  bay,' 
and  between  it  and  the  Cambrian  formation  above  there  are  two,  and  in  some 
places  three,  great  series  of  clastic  rocks  separated  by  unconformities.  Through- 
out all  this  northern  region  the  relations  of  the  Archean  to  other  formations 
are  usually  intricate. 

The  Archean  in  the  great  southeastern  belt  has  been  studied  in  detail  in  a 
few  localities.  In  the  vicinity  of  Washington,*  D.  C,  the  rocks  classed  as  Archean 
include  gneisses,  schists,  granite-gneisses,  diorites  and  meta-diorites,  gabbros 
and  meta-gabbros,  soapstone  (altered  peridotite  and  pyroxenite)  and  granite. 
Something  of  their  relations  is  shown  in  Fig.  43.  In  an  area  of  western  North 
Carolina '  where  the  rocks  have  been  carefully  studied,  the  Archean  is  divided 
into  five  or  six  formations,  made  up  mostly  of  gneisses  and  schists  (Fig.  44), 

>  Lawson,  Geol.  Surv.  of  Canada,  Vol.  Ill,  Pt.  I,  F,  1887-8,  pp.  99,  100,  and  105. 
Lower  Keewatin -Ely  greenstone  and  Soudan  formation  of  the  Vermilion  region. 

•  Coleman,  Bull.  Geol.  Soc.  Am.,  Vol.  IX,  p.  224.  Coleman  considers  the  Lower 
Keewatin  to  correspond  to  the  Lower  Huronian  (  =  Huronian  of  this  Vol.),  Rept. 
Ontario  Bureau  of  Mines,  1900,  p.  186. 

•  Logan,  Rept.  of  Progress  of  the  Geol.  Surv.  of  Canada  from  its  commencement 
to  1863.  Bull.  86  and  2l8t  Ann.  Rept.,  U.  S.  Geol.  Surv.,  Pt.  II.  Full  bibliography 
given  in  Bull.  86,  up  to  1892.    The  18,000  feet  probably  includes  some  Keewatin. 

*This  is  the  original  Laurentian  area.  The  rocks  were  formerly  known  as  the 
Lower  Laurentian.    Logan,  Rept.  of  Geol.  Surv.  of  Canada,  for  1845-46,  pp.  40-51. 

•  See  reports  of  Geol.  Surv.  of  Canada. 

•See  references  in  Bull.  86,  U.  S.  Geol.  Surv.;  and  Keith,  Washington  (D.  C.) 
folio,  U.  S.  Geol.  Surv. 

'  Keith,  Cranberry  (N.  C.-Tenn.)  folio,  U.  S.  Geol.  Surv. 
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Some  members  of  the  series  are  cleariy  intrusive  in  others,  and  therefore  younger. 
The  older  members  show  profound  metamorphism.  In  the  older  formations  a 
first  dynaniie  movement  developed  foliation  in  rocks  which  were  originally 
igneous,  i^hile  a  second  folded  the  planes  of  foliation.  Two  profound  meta- 
morphic  movements  are  thus  recorded. 

The  Archean  of  the  great  western  belt  has  similar  characters.  In  the  Grand 
Canyon  of  the  Colorado,  in  northern  Arizona,  the  same  types  of  rock  (the  Vishnu 
terrane  *)  are  exposed.  They  are  separated  from  the  Cambrian  by  the  Grand 
Canyon  system,'  itself  divisible  into  two  series  by  an  unconformity,'  the  upper 
being  unconformable  below  the  Cambrian. 

The  relations  of  the  Archean  at  various  other  points  in  the  west  are 
illustrated  by  Figs.  45  to  48. 

The  structure  of  the  Archean  system  is  usually  more  complex  than 
would  be  inferred  from  any  brief  descriptions,  such  as  those  given 


Fig.  45. — Section  showing  the  relations  of  the  Archean  to  other  formations  near  Fort 
Benton,  Montana.  .^Rflm,  Archean  gneiss;  €,  Cambrian;  D,  Devonian;  C,  Car- 
boniferous; J,  Jurassic;  X,  Cretaceous;  6p,  Barker  porphyry'.  Length  of  section, 
about  21  mUes.     (Weed,  U.  S.  Geol.  Surv.) 

above.    It  would  indeed  be  difficult  to  obtain  an  exaggerated  idea 
of  the  complexity  of  the  relations  of  the  various  sorts  of  rock  which 


Fig.  46. — Section  showing  the  relation  of  Archean  to  younger  formations  near  Liv- 
ingston, Montana.  At,  Archean;  €,  Cambrian  (Gallatin  limestone);  /),  De- 
vonian (Three  Forks  shale  and  Jefferson  limestone);  C,  Carboniferous  (Madison 
limestone  and  Quadrant  quartzite);  J,  Jurassic  (Ellis  formation);  Kd,  Kc,  Km, 
Kl,  and  Klv,  Cretaceous  (Dakota,  Colorado,  Montana,  Laramie,  and  Livingston, 
respectively).     Length  of  section,  11  miles.     (Weed,  U.  S.  Geol.  Surv.) 

have  caused  this  system  to  be  called  variously  the  "Archean  com- 
plex," the  "basement  complex,"  the  "fimdamental  complex,"  etc. 

»  Van  Hise,  Bull.  86,  U.  S.  Geol.  Surv.;  and  Walcott,  14th  Ann.  Rept.,  U.  S.  Geol. 
Surv.,  Pt.  II,  p.  506. 

*  Powell,  U.  S.  Geol.  Surv.,  and  Geog.  Surv.  of  the  Territories;  Rept.  on  the  Geology 
of  the  Eastern  Portion  of  the  Uinta  Mountains,  1876,  p.  70. 

» Walcott,  14th  Ann.  Rept.  U.  S.  Geol.  Surv.,  Pt.  II,  p.  506.  The  Vishnu  of  Wal- 
cott appeals  to  be  Archean,  leaving  only  the  Unkar  and  the  Chuar  divisions  of  the 
Grand  Canyon  series  between  the  Archean  and  the  Cambrian. 
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By  way  of  summary  it  may  be  said  that  the  system  consists  in  some 
places  of  rocks  which  are  mainly  massive  (igneous);   in  other  places, 


Fig.  47. — Section  showing  the  relations  of  Archean  to  younger  formations  in  the 
Crested  Butte  region  of  Colorado.  At,  Archean;  €  Cambrian  (Sawatch  quart z- 
ite);  O,  Ordovician  (Yule  limestone);  M,  Mississippian  (Leadville  limestone); 
Cw  and  Cm,  Carboniferous  (Weber  and  Maroon  formations,  respectively);  /,  Ju- 
rassic (Gunnison  formation);  Kd,  Kb,  Kn,  and  Km,  Cretaceous  (Dakota,  Benton, 
Niobrara,  and  Montana,  respectively) ;  Erh,  Eocene  rhyolite.  Length  of  section, 
6  miles.     (Eldridge,  U.  S.  Geol.  Surv.) 

of  rocks  which  are  mainly  gneissic  (chiefly  meta-igneous) ;  and  in 
still  others,  of  rocks  (largely  meta-igneous  and  subordinately  meta- 
sedimentary)  in  which  a  schistose  structure  predominates.  Furthermore, 
the  rocks  of  each  of  these  structural  types  have  a  wde  range  in  com- 
position, from  acid  on  the  one  hand  to  basic  on  the  other.  Rocks 
of  all  these  classes  are  often  intimately  associated,  and  any  one  may  pre- 
dominate over  the  others  to  varying  extents.  In  some  places  the  rocks 
of  these  several  structural  types  graduate  into  one  another  so  completely 
as  to  leave  no  line  of  separation,  while  in  others  their  definition  is 
sharp.  Thus  massive  rock  sometimes  appears  in  well-defined  dikes 
which  cut  the  gneisses  and  schists  at  any  angle,  while  on  the  other  hand, 
schists  are  frequently  in  dike-like  sheets  in  rocks  which  are  more  mas- 
sive. In  the  first  of  these  cases,  the  gneissic  or  schistose  rock  which 
incloses  the  dikes  of  massive  rock  probably  suffered  metamorphisni 
before  the  intrusion  of  the  latter,  which  has  never  been  changed;   in 


Fig.  48. — Section  showing  the  relation  of  the  Archean  to  younger  formations  in  the 
Ten  Mile  district  of  Colorado.  At,  Archean;  C,  Carbomferous;  J,  Jurassic; 
cmp,  Elk  Mountain  porphyry,  Length  of  section,  4  miles.  (Emmons,  U.  S. 
Geol.  Surv.) 

the  second,   the  inclosing  rock  was  not   metamorphosed  before  the 
intrusion,  and  in  the  changes  of  subsequent  time  the  intrusive  rock 
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was  the  more  altered.  Furthermore,  the  relations  of  these  several 
sorts  of  rock  have  been  enormously  complicated  by  the  distortion  to 
which  they  have  been  subject.  The  structure  and  relations  of  the 
several  sorts  of  rock  in  the  system  indicate  that  it  was  (1)  by  successive 
intrusions,  large  and  small,  of  rocks  of  different  chemical  composition, 
into  (2)  still  older  rocks  which  were  originally  (a)  chiefly  extrusive- 
igneous  and  of  varying  chemical  composition,  but  (6)  subordinately 
sedimentary,  and  (3)  by  successive  dynamic  movements  resulting  in 
various  degrees  of  metamorphism  and  deformation  of  the  various  parts, 
that  the  intricate  structure  and  composition  of  the  Archean  complex 
was  attained. 

While,  therefore,  the  variations  in  the  rock  of  the  Archean  complex 
are  great,  there  is,  nevertheless,  a  certain  homogeneity  in  the  heterogene- 
ity of  the  whole.  No  one  considerable  part  of  the  system  is  very  different 
from  any  other  considerable  part,  and  no  definite  and  orderly  relationship 
between  the  different  parts  has  been  made  out  over  any  considerable 
area.  There  appears  to  be  no  traceable  succession  of  beds,  and  no 
definite  stratigraphic  sequence,  such  as  can  be  made  out  in  great  series 
of  meta-sedimentary  rocks,  however  much  folded  and  metamorphosed. 
So  similar  are  the  rocks  of  the  Archean  throughout  the  various  areas 
where  the  system  occurs,  that  a  suite  of  unlabeled  specimens  from  one 
region  could  hardly  be  asserted  not  to  have  come  from  any  other.^ 
This  striking  similarity  affects  not  only  the  general  features  of  the 
rocks  concerned,  but  also  many  of  the  details  of  their  structure  and 
composition.  The  minerals  of  which  they  are  composed  everywhere 
(broadly  considered)  give  evidence  of  having  been  subject  to  great 
dynamic  action.  They  are  often  broken  and  distorted,  and  microscopic 
study  reveals  the  effects  of  djTiamic  action  in  many  cases  where  it  is 
not  visible  to  the  unaided  eye.  The  mineralogical  and  chemical  con- 
stitution of  the  series,  taken  as  a  whole,  appear  to  be  essentially  con- 
stant, in  the  sense  that  the  variations  in  any  one  area  are  very  much 
the  same  as  those  in  any  other. 

Bearing  of  the  Archean  on  the  theory  of  the  origin  of  the  earth. — 
If  any  accessible  system  of  rocks  can  be  made  to  throw  light  on  the 
origin  and  early  history  of  the  earth,  it  is  the  Archean.  With  the 
essential  facts  concerning  the  constitution  and  structure  of  the  system 
in  mind,  it  is  in  order  to  inquire  to  what  hj^pothesis  of  the  earth's  origin 

*  Van  Hise,  Bull.  86,  U.  S.  Geol.  Surv.,  p.  476. 
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they  best  adjust  themselves.  The  constitution  of  the  system  makes 
it  clear  that  it  does  not  represent  the  original  crust  of  the  earth  or  its 
downward  extension.  It  cannot  be  affirmed,  however,  that  no  part 
of  what  is  now  classed  as  Archean  is  referable  to  the  original  crust; 
that  is,  it  cannot  be  affirmed  that  no  part  of  the  igneous  or  meta-igneous 
rock  of  the  Archean  is  referable  to  an  azoic  or  pre-zoic  period,  strong 
as  the  evidence  against  such  reference  may  seem.  On  the  other  hand, 
all  the  facts  now  known  concerning  the  Archean  adjust  themselves 
to  the  planetesimal  hypothesis,  or  to  the  modified  form  of  the  gaseo- 
molten  hypothesis.  They  cannot,  however,  be  said  to  establish  either, 
or  to  preclude  other  hypotheses  of  the  origin  of  the  earth.  The  question 
of  the  origin  of  the  Archean  must,  therefore,  still  be  regarded  as  an 
open  one.  According  to  the  planetesimal  hypothesis,  the  Archean 
is  looked  upon  as  representing  the  time  of  transition  from  the  earlier 
Formative  eon  to  the  later  Gradational  eon  (p.  119).  According  to 
the  modified  form  of  the  gaseo-molten  hypothesis,  it  represents  the 
formations  of  the  volcanic  era  which  followed  the  formation  of  the 
original  crust. 

Earlier  Views   Concerning  the  Archean. 

In  explanation  of  the  Archean  system,  many  different  hypotheses 
have  been  suggested  at  one  time  and  another,  most  of  them  starting 
with  the  Laplacian  hypothesis  as  a  beginning.  Some  of  these  hypothe- 
ses have  at  least  a  historic  interest.  One  is  that  the  Archean  rocks  are 
completely  metamorphosed  sediments;  a  second,  that  they  are  igneous 
rocks  produced  by  the  fusion  of  sediments;  and  a  third,  that  they  are 
igneous  rocks  intruded  beneath  the  oldest  known  sedimentary  rocks 
after  the  deposition  of  the  latter. 

1.  The  hypothesis  that  the  Archean  rocks  are  metamorphosed 
sediments  was  originally  based  on  the  assumption  that  schistosity  and 
gneissic  structure  were  an  expression  of  stratification;  that  is,  that 
everything  which  resembles  stratification  is  really  such.  So  long  as 
this  view  obtained,  it  was  natural  that  the  gneisses  and  schists  should 
be  regarded  as  of  sedimentary  origin;  but  since  it  is  now  known  that 
such  structures  may  be  developed  in  sedimentary  rocks,  independent 
of  stratification,  and  in  igneous  rocks  as  well,  the  argument  loses  its 
force. 

If  the  Archean  rocks  are  primarily  metamorphosed  sediments,  it 
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would  seem  that  there  should  be  somewhat  wide-spread  evidence  of  the 
fact  in  the  structure  of  the  system.  So  thick  a  series  of  sediments 
would  surely  have  been  made  up  of  layers  of  varying  physical  and 
chemical  composition.  From  such  a  series,  no  matter  how  completely 
metamorphosed,  it  is  not  probable  that  the  original  distinctions  of  con- 
stitution would  have  been  generally  obliterated;  but  in  most  of  the 
Archean,  no  such  succession  of  strata  as  would  be  expected  if  the  rocks 
were  dominantly  meta-sedimentary  exists.  This  point  has  special 
force  when  it  is  remembered  that  it  holds  not  for  one  region  only,  but 
for  each  of  the  many  regions,  some  of  them  of  great  extent,  where  the 
Archean  rocks  have  been  studied.  It  would  appear  that  such  effective 
and  wide-spread  obliteration  of  the  characteristics  of  sedimentary  rocks 
could  only  have  been  brought  about  by  their  fusion;  and  in  this  case 
the  product,  on  solidifying,  should  no  longer  be  regarded  as  metamorphic 
rock,  but  as  igneous  rock  instead. 

A  special  phase  of  this  hypothesis  makes  the  Archean  the  altered 
product  of  a  chemical  precipitate  from  the  original  ocean.  This 
h}T)othesis  never  met  with  general  favor,  and  has  rarely  been  seri- 
ously entertained.^ 

2.  A  second  hypothesis  which  has  been  advanced  is  that  the  Archean, 
at  least  locally,  consists  of  igneous  rock  produced  by  the  fusion  of 
deeply  buried  sediments.^  If  this  hypothesis  were  true,  the  igneous 
rocks  produced  by  the  fusion  of  sediments  should  grade  up  into  sedi- 
mentary rocks  above;  they  should  not  be  separated  from  them,  as 
they  generally  are,  by  an  erosion  unconformity.  Otherwise  it  would 
be  necessary  to  suppose  that  the  lower  igneous  series  was  fused  long 
before  the  upper  series  was  deposited,  and  that  the  beds  which  originally 
overlay  the  igneous  series,  and  which  were  not  fused,  were  subsequently 
removed  by  erosion  before  the  deposition  of  the  existing  superior, 
unconformable,  sedimentary  series.  While  this  sequence  of  events 
could  not  be  disproved  for  certain  localities,  it  is  not  probable  that 
it  represents  the  general  history  of  most  regions  where  the  Archean 
occurs. 

3.  A  third  hypothesis  is  that  the  Archean  reoresents  igneous  rock 

*  Hunt,  The  Taconic  Question  in  Geology  and  the  Origin  of  Crystalline  Rocks 
Trans.  Roy.  Soc.  Canada,  Vols.  I  and  II.  The  untenability  of  this  hypothesis  was 
shown  by  Irving,  7th  Ann.  Rept.  U.  S.  Geol.  Surv.,  p.  383. 

'  LawBoni  Ann.  Rept.  Canadian  Geol.  Sur\'.,  1887. 


158  GEOLOGY, 

intruded  beneath  the  sedimentaries  after  the  deposition  of  the  latter, 
and  that  they  were  brought  into  their  present  lithological  condition 
by  metamorphism  subsequent  to  their  irruption.  This  hypothesis 
is  distinct  from  the  last  in  that  it  involves  the  intrusion  of  the  igneous 
rock,  rather  than  its  formation  in  situ,  and  in  that  it  does  not  specify 
that  the  source  of  the  lavas  was  sedimentary  rock.  It  is  like  the  pre- 
ceding in  that  it  makes  the  Archean  a  meta-igneous  series.^  Since 
the  sedimentary  rocks  overlying  the  Archean  do  not,  as  a  rule,  show 
the  contact  metamorphism  wliich  this  hypothesis  demands,  and  since 
the  unconformity  between  the  two  series  is  generally  an  imconformity 
of  erosion,  not  of  irruption,  the  hypothesis  fails  to  explain  the  facts. 
Furthermore,  the  hypothesis,  as  a  general  explanation  of  the  Archean, 
is  an  audacious  one,  for  it  supposes  that  igneous  intrusions  have  come 
in  at  the  base  of  the  known  sedimentary  series,  not  in  one  place  only, 
but  generally  where  the  base  is  accessible,  thus  commonly  concealing 
the  floor  on  which  the  oldest  sediments  were  deposited.  So  violent 
an  assimiption  makes  the  hypothesis  based  upon  it  improbable. 

Though  the  hypothesis  can  hardly  be  accepted  as  a  general  explana- 
tion of  the  Archean,  it  does  not  follow  that  the  oldest  sedimentary 
rocks  nowhere  rest,  with  irruptive  unconformity,  on  igneous  rocks. 

The  Archean  in  other  countries. — ^The  general  characters  and 
relations  of  the  Archean  complex  already  given  for  North  America 
seem  to  be  dupUcated  in  other  continents.  Corresponding  systems  of 
rocks,  made  up  primarily  of  meta-igneous,  but  subordinately  of  inex- 
tricably involved  meta-sedimentary  rocks,  are  known  in  all  continents. 
The  general  characteristics  and  relations  of  the  Archean,  as  developed 
in  North  America,  therefore  appear  to  be  essentially  world-wide. 

In  Great  Britain,  the  Lewisian  gneiss  appears  to  correspond  with 
the  Archean  of  North  America.  This  formation  was  derived  by  me- 
chanical deformation  from  a  complex  aggregate  of  eruptive  rocks  of 
different  ages,  and  in  one  area  there  appears  to  be  a  group  of  still  more 
ancient  sedimentary  rocks  through  which  the  gneiss  was  intruded.^ 

In  Norway,  coarse-banded  gneisses  (Gnmdfjeldet,  Urberget),  with 
a  wider  petrographic  range  than  the  Lewisian  gneiss  of  Great  Britain, 
are  regarded  as  Archean.  The  gneisses  seem  to  have  originated  from 
acidic  and  basic  eruptive  rocks.    With  the  gneiss  is  associated  another 

*  For  review  of  this  h3rpothesis,  see  Van  Hise,  Bull.  86,  U.  S.  Geol.  Surv.,  p.  480. 
'  Geikie's  Text-book  of  Geology,  4th  ed.,  Vol.  II,  p,  888. 
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group  of  rocks  of  meta-sedimentary  origin  affected  by  dikes  and  sills 
of  igneous  and  meta-igneous  rocks.^ 

The  Archean  rocks  of  Sweden  ^  and  Finland,^  as  now  interpreted, 
are  similar  to  those  of  Norway.  They  consist  of  meta-igneous  and 
meta-sedimentary  rocks,  among  which  is  limestone,  together  \vith 
some  igneous  rocks  not  notably  metamorphosed. 

In  France,  the  Archean  is  composed  chiefly  of  gneisses  and  scliists 
of  various  types,  chiefly  or  wholly  meta-igneous."* 

In  Bavaria,  the  rocks  classed  as  Archean  consist  of  gneiss  (Bojan) 
remarkable  for  its  uniformity,  and  of  schists  and  gneisses  (Hercynian) 
which  include  meta-sedimentary  beds,  among  which  is  graphitic  lime- 
stone.* 

In  Spain,  gneisses  and  schists  which  include  some  limestone  beds 
(C5pollino  =  limestone  with  scales  of  mica,  talc,  etc.)  are  commonly 
classed  as  Archean.® 

Similar  rocks  regarded  as  Archean  occur  in  India  ^  (Bunkelkimd 
gneiss);  in  northern  China,®  where  the  Archean  has  not  been  clearly 
differentiated;  perhaps  in  Japan;®  in  Australia, ^^  where  gneisses, 
schists,  and  meta-sedimentary  beds  classed  as  Archean  lie  at  the  surface, 
over  an  area  some  20,000  square  miles  in  extent;  in  Tasmania;  ^^  and  in 
New  Zealand.^2 

Life  during  the  Archeozoic  era. — The  presence  of  carbonaceous  ma- 
terial, of  bedded  iron  ores  that  were  once  carbonates,  of  cherts,  and 

'  Reusch,  Die  Fossilfiihrenden  krystallinischen  Schiefer  von  Bergen,  1883,  and 
N'eues  Jahrbuch  (Beilage-band),  1887. 

'Tomeb6hm  papers  in  Geol.  Fdren,  Stockholm;  in  Handl.  Akad.  Stockholm, 
Vol.  XXVIII,  1896;    and  in  reports  of  the  Sverig.  Geol.  Unders5kn. 

'  Sederholm,  Bull.  Com.  Geol.  Finlande,  1899;  also  same  author's  papers  in  Tscher- 
mak's  Mittheil.,  Vol.  XXII,  1891;  Fenia,  Vol.  VIII,  1893;  Geol.  Fdren,  Stockholm, 
XIX,  1897. 

*  De  Lapparent,  Traits  de  G^logie. 

*  Giimbel,  Geognostische  Beschreibung  des  Oberbayerischen  Grundgebiiges,  Got  ha, 
1868.    Cited  by  Geikie,  Vol.  II,  p.  801. 

•De  Lapparent,  Op.  cit. 

^Medlicott  and  Blanford,  Manual  of  Geology  of  India. 

•Von  Richthofen,  Chma,  Vol.  11. 

*  Koto.  Jour.  Coll.  Sci.,  Imp.  Univ.  of  Tokyo,  Vol.  V,  1893,  Pt.  III. 
»•  David,  Proc.  Linn.  Soc.  N.  S.  Wales,  Vol.  VIII,  1894. 

"  Johnston,  Geology  of  Tasmania,  1888. 

"Hector,  Handbook  of  New  Zealand,  1883;  Haast,  Geology  of  Canterbury;  and 
Hutton,  Geology  of  Tago. 
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Cenozoic. 


probably  of  limestones,  implies  the  presence  of  life  during  the  era 
occupied  in  the  formatioii  of  the  Archean  rocks.    Since  no  fossils  have  ^ 
been  found,  nothing  is  positively  known  of  the  character  of  the  life, 
and  little,  except  by  inference,  of  its  abundance. 

Diiration  of  the  Arclieozoic  era. — Of  the  duration  of  the  Archeozoic 
era  nothing  can  be  said  beyond  the  general  statement  that  it  was  very 
great,  and  this  conclusion  is  independent  of  any  particular  conception 
of  the  earth's  origin.  If  the  planetesimal  hypothesis  be  the  true  one, 
there  is  no  readily  assignable  lower  limit  to  the  Archeozoic  system,  and 
the  duration  of  the  Archeozoic  era  may  exceed  that  of  all  subsequent 
time. 

For  convenience  of  future  reference,  a  table  of  the  principal  geo- 
logic time-divisions  is  here  added: 

General  Table  of  Geologic  Time  Divisions. 

Present. 

Pleistocene. 

Pliocene. 

Miocene. 

Oligocene. 

Eocene. 

Transition  (Arapahoe  and  Denver). 

Upper  Cretaceous. 

Lower  Cretaceous  (Comanche  or  Shastan). 

Jurassic. 

Triassic. 

Permian. 

Coal  Measures,  or  Pennsylvanian. 

Subcarboniferous,  or  Mississippian. 

Devonian. 

Silurian. 

Ordovician. 

Cambrian. 

Great  Unconformity, 

Keweenawan. 

Unconformity. 

Animikean.     (Upper  Huronian  of  some  authors.) 

Unconformity. 

Huronian.    (See  p.  161.) 

Great  Unconformity. 

Great  Granitoid  Series. 

(Intrusive  in  the  main,  Laurentian.) 
'  Great  Schist  Series. 

(Mona,  Kitchi,  Keewatin,  Quitme- 
sec;  Lower  Huronian  of  some 
authors. 


Mesozofic, 


Paleozoic. 


Proterozoic. 


Archeozoic. 


Archean  Complex. 
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The  following  classification  of  the  pre-Cambrian  has  recently  been  proposed 
by  a  Committee  of  the  United  States  and  Canadian  Geological  Surveys 
appointed  to  consider  the  question : 

Cambrian — Upper  sandstones,  etc.,  of  Lake  Superior. 

Uncontormity. 
Pre-Cambrian. 

Keweenawan  (Nipigon). 
Unconformily. 

'  Upper  (Animikie). 
Unconformity. 
Huronian.  <  Middle. 

Unconformity, 
.  Lower. 
UnconformHy. 
Keewatin. 
Eruptive  conktd. 
.Laurentian. 
The  Lower  and  Middle  Huronian  of  this  table,*  taken  together,  correspond 
to  the  Huronian  of  the  table  above.    This  classification  was  published  after 
this  chapter  was  in  the  hands  of  the  printer,  and  has  therefore  not  received,  in 
the  pages  which  follow,  the  consideration  to  which  its  history  entitles  it.     It 
will  be  noted  that  its  principal  departure  from  the  preceding  classification  lies  in 
the  threefold,  instead  of  twofold,  division  of  the  rocks  between  the  Archean 
below,  and  the  Keweenawan  above. 

»  Jour,  of  Geol.,  Vol.  XIII,  p.  104. 


CHAPTER  IV. 

THE    PROTEROZOIC    ERA. 

To  the  Proterozoic  ^  era  is  assigned  the  time  between  the  close  of  the 
formation  of  the  igneous  complex  just  described,  and  the  beginning  of 
the  lowest  system  which  is  now  known  to  contain  abundant  well-pre- 
served fossils;  or  in  other  words,  the  time  between  the  close  of  the 
Archean  and  the  beginning  of  the  Paleozoic.  During  the  Proterozoic 
era  several  great  series  of  sedimentary  formations,  imconformable 
with  one  another,  were  formed  (p.  160).  These  sedimentary  series 
were  rather  freely  interlarded  with  igneous  sheets,  some  of  which  were 
intruded  as  sills,  and  some  spread  upon  the  surface  while  the  clastic 
beds  were  being  formed.  It  was  therefore  a  time  when  igneous  activity- 
was  still  rather  pronounced,  though  by  no  means  so  overwhelmingly 
dominant  as  in  Archean  times.  Sedimentation  had  become,  for  the 
first  time,  the  leading  process  in  the  formation  of  the  geological  record. 

In  contrast  with  the  Archeozoic,  the  dominant  featiu^e  of  the  time, 
and  the  feature  which  was  really  most  significant  in  the  history  of  the 
earth,  was  the  effectiveness  of  the  weathering  processes  and  of  the 
hydro-atmospheric  work  upon  the  land  which  furnished  the  material 
for  sedimentation.  These  processes  were  really  more  significant  than 
the  sedimentation,  because  they  were  prerequisites  to  it.  They,  in 
turn,  were  dependent  on  the  deformations  of  the  body  of  the  earth  which 
gave  the  topographic  conditions  necessary  for  erosion,  and  on  atmos- 
pheric and  thermal  conditions.  The  sedimentary  deposits  id  the 
era,  however,  constitute  the  main  part  of  its  record,  and  are  the  princi- 
pal subject  of  geologic  investigation. 

The  Proterozoic  rocks  include  the  first  great  series  of  strata  which 
imply  matiu-e  weathering,  and  the  prolonged  and  continuous  deposition 
in  the  sea  of  weathered  material  derived  from  the  adjacent  lands.    It  is 

*  Proterozoic,  as  here  used,  is  a  synonym  for  Algonkian  as  used  by  the  U.  S.  Geol. 
Sur\'. 
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important  to  emphasize  the  inauguration  of  the  reign  of  these  processes, 
for  they  have  been  the  dominant  ones  ever  since.  It  is  not  to  be  over- 
looked, however,  that  the  vulcanism  which  had  predominated  in  the 
Archean  era  was  still  a  factor,  though  a  declining  one.  Locally  it  still 
made  larger  contributions  than  sedimentation  to  the  formations  of 
the  era,  and  such  has  been  its  habit  in  all  later  times.  But,  taken  as  a 
whole,  Proterozoic  times,  as  the  descriptions  of  the  formations  will  show, 
were  marked  by  more  igneous  activity  than  the  Paleozoic,  Mesozoic, 
or  Cenozoic  eras  that  follow,  and  the  Proterozoic  may  therefore  be 
regarded  as  a  transition-time  between  the  profoundly  igneous  era  that 
preceded,  and  the  markedly  sedimentary  eras  that  followed. 

Stratigraphic   Relations  of  the  Proterozoic  Rocks. 

The  Proterozoic  series  are  generally  separated  from  the  Archean 
below  and  from  the  Paleozoic  above  by  unconformities  (Vol.  I,  p.  18). 
Unconformities  vary  greatly  in  extent  and  significance.  Great  uncon- 
formities usually  involve  three  elements:  First,  a  change  of  attitude 
in  the  lower  formation,  as  the  result  of  which  it  is  subject  to  erosion; 
second,  a  period  of  erosion  during  which  its  upper  part  is  truncated; 
and  third,  another  change  resulting  in  the  deposition  of  the  upper 
series  on   the  eroded  surface   (Figs.  49  and  50).    In  some  cases  the 


Fig.  49. — ^Diagram  showing  Archean  land  (^)  with  sedimentation,  a,  along  its  bor- 
ders. The  coarser  sediments  are  being  deposited  near  the  shore;  the  finer,  farther 
from  it.     (Compare  Fig.  50.) 

imconformity  may  be  due,  theoretically,  to  a  withdrawal  and  return 
of  the  sea,  or  to  a  lifting  and  subsidence  of  the  land,  or  to  both  acting 
in  cooperation.  But  if  the  beds  below  the  unconformity  are  deformed, 
it  is  obvious  that  more  than  mere  change  of  level  was  involved.  In 
most  cases  the  unconformity  between  the  Archean  and  the  Proterozoic 
systems  indicates  that  the  former  was  notably  deformed,  and  after- 
wards subjected  to  prolonged  erosion,  before  the  deposition  of  the  latter. 
It  is  usually  an  invasion  of  the  sea  which  furnishes  the  conditions  for 
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deposition,  particularly  where  the  deposits  form  a  wide-spread  and 
thick  series;  but  this  is  not  necessarily  the  case,  for  lodgment  may 
take  place  in  interior  basins  and  on  low  gradation-planes.  In  such 
systems  as  the  Proterozoic,  where  fossils  are  generally  wanting,  it 
cannot  be  asserted  that  the  sea  was  involved,  though  the  probabilities 
favor  a  marine  origin  for  most  of  the  sediments. 

Though  the  Proterozoic  rocks  are  generally  unconformable  on  the 
Archean,  unconformity  between  the  two  systems  cannot  be  asserted 
to  exist  at  every  point  where  their  contact  has  been  seen.  It  is,  how- 
ever, so  general  as  to  show  that  wide-spread  changes  of  attitude  (prob- 
ably warpings  of  the  crust)  took  place  after  the  formation  of  the 
Archean,  and  before  the  formation  of  the  known  Proterozoic.  Great 
lapses  of  time  were  doubtless  involved  in  these  changes,  but  of  the 
history  of  the   interval  recorded  by  the  unconformity  there  is  little 

"Sea    Lei^ 


l^rmer_  d^ea  Z.e/e/ 


Fig.  50. — ^Diagram  representing  the  same  region  as  Fig.  49,  after  subsidence.  The  a  of 
this  figure  corresponds  to  a  of  Fi^.  49.  It  is  to  be  noted  that  fine  sediments 
overlie  the  coarse  sediments  deposited  at  an  earlier  time  in  the  right-hand  part 
of  the  figure. 

more  than  conjectural  knowledge.  It  is  clear,  however,  that  where 
unconformity  exists,  the  Proterozoic  beds  above  the  unconformity 
are  not  the  oldest  sedimentary  beds  derived  from  the  Archean,  for 
the  material  removed  from  the  eroded  Archean  surface  was  deposited 
somewhere,  and  that  before  the  beds  immediately  above  the  plane 
of  unconformity  were  laid  down. 

While  unconformity  between  the  Archean  and  the  Proterozoic 
is  the  rule,  so  far  as  their  contacts  are  known,  it  should  be  noted  that 
such  unconformity  is  presumably  not  universal.  There  were  probably 
places,  even  on  the  land-areas,  where  the  surface  of  the  Archean  did 
not  suffer  notable  erosion  before  the  deposition  of  Proterozoic  sediments 
upon  it,  and  there  were  quite  certainly  such  places  in  the  areas  con- 
tinuously covered  by  the  sea.  Relations  of  conformity  between  the 
two  systems  may  therefore  exist  over  great  areas  where  their  contact 
is  not  exposed,  and  perhaps  in  some  places  where  it  is. 
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A  sequence  of  events  which  might  have  given  rise  to  the  unconform- 
able relations  of  the  Archean  and  the  Proterozoic,  where  seen,  is  illus- 
trated by  Figs.  49  and  50.  Fig.  49  represents  an  area  of  land  composed 
of  Archean  rock  in  such  a  position  as  to  suffer  erosion.  The  sedi- 
ments derived  from  it  are  washed  down  to  the  sea  and  deposited  in  its 
waters  (a).  In  Fig.  50,  the  land  of  the  preceding  figure  is  represented 
as  having  sunk  so  as  to  be  partially  submerged.  A  part  of  the  sediments 
washed  down  from  the  remaining  land  are  being  deposited  on  the  sur- 
face which  formerly  suffered  erosion.  These  sediments  (AZ,  Fig.  50) 
overlie  those  deposited  at  the  earlier  stage.  The  latter  (a)  are  the 
older,  though  the  former  may  be  the  oldest  now  accessible. 

Subdivisions, 

No  classification  of  the  formations  of  the  Proterozoic  era  has  been 
widely  accepted  as  of  general  application,  but  where  these  rocks 
are  best  known,  at  least  three  great  unconformable  series  or  systems 
are  referred  to  this  era.  These  several  divisions  are  of  such  thickness 
and  extent  that  their  local  names  may  well  be  taken  for  the  great 
subdivisions  of  the  rocks  of  this  era.  In  the  order  of  age,  these  systems 
are  (1)  the  Huronian,  (2)  the  Animikean  or  Penokean,  and  (3)  the 
Keweenawan  (p.  160).  The  first  system  is  named  for  the  region  north 
of  Lake  Huron,  where  the  rocks  were  first  differentiated.  The  names 
of  the  second  system  come  from  localities  in  northeastern  Minnesota 
and  northwestern  Wisconsin  respectively,  where  the  rocks  are  well 
developed,  while  the  name  of  the  third  system  is  derived  from  the 
Keweenaw  peninsula  of  northern  Michigan,  on  the  south  shore  of 
Lake  Superior. 

Each  of  the  systems  in  this  region  measures  thousands  of  feet  in 
thickness,  but  it  is  important  to  note  that,  thick  as  they  are,  they 
do  not  constitute  a  complete  record  of  the  Proterozoic  era.  The 
unconformities  between  them  show  that,  after  the  formation  of  each, 
there  was  a  disturbance  of  relations  between  the  sources  of  the  sedi- 
ments (the  lands)  and  the  sites  of  their  deposition  (chiefly  the  sea). 
Each  unconformity  appears  to  mark  a  prolonged  period  during  which 
erosion  was  in  progress  in  the  region  where  the  formations  are  exposed, 
and  deposition  somewhere  else.  The  sediments  deposited  at  this 
time  are  probably  buried  under  later  formations,  either  within  the 
continent  or  about  its  borders,  and  remain  inaccessible.    The  intervals 
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represented  by  the  unconformities  are  unrecorded,  so  far  as  exposed 
strata  are  concerned,  though  they  are  recorded  by  the  unconformities 
themselves.  It  is  not  impossible  that  the  interval  represented  by  imcon- 
formity  in  one  region  is  represented  by  known  strata  in  another;  but 
in  the  absence  of  fossils,  this  relation  is  difficult  of  determination. 
Whether  the  stratigraphic  records  made  in  these  intervals  are  ever 
identified  or  not,  they  must  be  taken  into  account  in  the  conception 
of  the  Proterozoic  era  as  a  whole.  This  era  therefore  includes  the 
time  when  at  least  three  thick  systems  of  strata  were  deposited,  and 
two  intervenmg  intervals,  represented  by  imconformities,  but  not 
now  known  to  be  recorded  by  accessible  strata.  Nor  is  this  all;  the 
unconformities  between  the  Proterozoic  formations  and  the  Archean, 
on  the  one  hand,  and  between  the  Proterozoic  and  the  Paleozoic,  on 
the  other,  are  to  be  taken  into  account.  Some  portion  of  the  time 
represented  by  each  of  these  two  great  unconformities  is  to  be  assigned 
to  the  Proterozoic. 

Proterozoic  Sedimentation. 

General  considerations.— The  stratigraphic  relations  of  the  sedimentary 
Proterozoic  formations  to  the  Archean  show  that  they  were  laid  down 
on  the  bed  of  a  sea,  or  other  lodgment  area,  which,  at  the  points  where 
the  formations  are  known,  was  advancing  upon  the  land.  At  the 
time  of  the  advance  of  the  Proterozoic  seas  (taken  as  representative  of 
all  lodgment  areas)  upon  the  lands  of  Archean  rock,  the  surface  of 
the  latter  was  probably  comparable  to  existing  land  surfaces  of  crys- 
talline rock  which  have  been  long  exposed  to  weathering,  and  other 
phases  of  erosion.  The  topography  was  doubtless  more  or  less  uneven, 
and  the  surface  mantled  by  soil  and  residual  earths  (mantle  rock, 
regolith,  geest)  which  had  arisen  from  the  decomposition  of  the  under- 
lying rock  (Vol.  I,  p.  41).  Large  and  small  masses  of  rock,  more  resist- 
ant than  their  surroimdings,  probably  remained  undecomposed,  or  but 
partially  decomposed,  in  the  earths  which  represented  the  products  of 
more  complete  decay. 

The  general  nature  of  the  clastic  sediments  laid  down  on  the  eroded 
surface  when  it  was  converted  into  an  area  of  deposition  may  be 
readily  inferred.  They  were  made  up  chiefly  (1)  of  the  decomposed 
products  already  on  the  surface,  (2)  of  the  materials  worn  from  the 
rocks  by  the  waves,  and  (3)  of  river  detritus. 
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(1)  One  of  the  first  effects  of  the  Proterozoic  seas,  as  they  slowly 
transgre&sed  the  land — for  it  is  presumed  that  this  transgression  was 
slow — was  to  work  over,  assort  and  re-deposit  the  loose  material  found 
on  the  surface.  The  larger  masses  of  rock  suffered  relatively  little 
transportation  and  wear;  the  sand  and  small  bits  of  rock  were  rolled 
along  the  bottom  and  deposited  in  relatively  shallow  water,  while  the 
finer  materials  were  carried  out  from  the  shore  and  deposited  in  the 
more  quiet  waters  beyond  (Vol.  I,  p.  369  et  seq.).  Deposits  of  gravel, 
sand  and  mud  were  doubtless  being  made  at  the  same  time  at  different 
distances  from  the  shore,  and  from  the  gravel  on  the  one  hand,  to  the 
finest  mud  on  the  other,  there  were  all  possible  gradations  (Fig.  50). 

Changes  in  the  position  of  the  shore  line,  and  changes  in  the  depth 
of  water  incident  to  the  sinking  of  the  land,  may  have  brought  about 
the  deposition  of  fine  sediment  on  beds  of  coarse  material  deposited  at 
an  earlier  time  (Fig.  50)  when  the  water  where  they  occur  was  shallow, 
and  a  return  of  shallow  water,  as  by  the  rise  or  aggradation  of  the 
sea-bottom,  may  have  caused  coarse  sediments  to  succeed  the  fine 
in  vertical  section.  In  such  ways  the  sedimentary  deposits  came  to 
be  arranged  in  layers,  coarser  and  finer  alternating  with  one  another 
in  vertical  section,  and  grading  into  one  another  laterally. 

If,  at  all  stages  of  the  sinking  which  brought  land  composed  of  Ar- 
chean  rock  below  the  Proterozoic  seas,  the  waters  foimd  coarse  and 
fine  materials  on  the  surface  they  transgressed,  and  if  at  all  stages  the 
finer  parts  were  carried  out  from  the  shores,  there  should  be  a  wide- 
spread deposit  of  coarse  material  (gravel)  derived  from  the  under- 
Ijdng  rock  at  the  base  of  the  sedimentary  series  (Fig.  50).  Such  a 
formation  is  known  as  a  basal  conglomerate,  and  is  often  one  of  the 
best  indices  of  an  unconformity.  All  parts  of  a  bed  of  basal  conglom- 
erate were  not  necessarily  contemporaneous  in  origin.  Thus  the  coarse 
material  at  a  (Fig.  50)  is  older  than  that  at  Al,  with  which  it  is 
laterally  continuous. 

It  is  to  be  especially  noted  that  the  loose  residual  materials  which 
the  advancing  Proterozoic  seas  found  upon  the  surface  which  they 
transgressed  had  arisen  chiefly  by  rock  decay,  and  that  they  were 
therefore  essentially  unlike  their  parent  formation  in  average  compo- 
sition (Vol.  I,  p.  422). 

(2)  Besides  working  over  the  regolith,  the  waves  doubtless  attacked 
the  solid  rock  wherever  exposures  were  favorable,  just  as  waves  here 
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and  there  cut  into  solid  rock  at  the  present  time.  The  materials  thus 
derived  resembled  the  parent  formation  in  average  composition,  and 
are  thus  distinguished  from  those  of  the  preceding  class.  The  sedi- 
ments of  this  second  class  were  more  or  less  intimately  mingled  with 
those  which  had  been  prepared  in  advance  by  the  decomposition  of  the 
rock. 

(3)  The  streams  descending  from  the  land  brought  down  their 
quota  of  gravel,  sand,  and  mud.  The  larger  part  of  the  river-borne 
detritus  was  probably  made  up  of  the  decomposition  products  of  rock, 
though  a  smaller  part  was  probably  derived  by  the  mechanical  action 
of  running  water  on  undecomposed  terranes.  Once  in  the  sea,  the 
detritus  which  the  rivers  brought  down  from  the  land  was  mingled  and 
deposited  with  the  sediments  acquired  in  other  ways.  Then,  as  now, 
minor  quantities  of  terrigenous  sediment  were  doubtless  blown  from 
the  land  to  the  sea,  and  added  to  that  derived  from  the  land  in  other 
ways. 

Since  much  of  the  more  soluble  constituents  of  the  Archean  rock 
extracted  during  the  processes  of  decomposition  probably  remained 
in  solution  in  the  sea-water,  it  is  to  be  presimied  that  the  clastic  sedi- 
ments were,  on  the  whole,  more  siliceous  than  the  rock  from  which  they 
were  derived. 

The  sorting  power  of  moving  water  takes  account  of  the  physical 
conditions  and  properties  of  the  materials  handled,  and  not  of  their 
chemical  constitution;  but  in  the  decomposition  of  Archean  rock, 
the  quartz  remaining  in  the  residual  mantle  was  generally  in  larger 
particles  than  the  alimiinous  products  of  the  decomposition  of  the 
silicates,  and  under  the  assorting  influence  of  the  waves  the  quartz 
grains  (sand)  were  more  or  less  completely  separated  from  the  alumi- 
nous particles  (mud).  Thus  materials  which  were  unlike  chemically 
were  separated  from  one  another  because  they  were  unlike  physically. 

If  the  Proterozoic  seas  harbored  abundant  shell-bearing  life,  or 
if  their  waters  anywhere  became  overcharged  with  lime  carbonate  in 
solution,  limestone  might  have  been  formed,  and  should  be  found 
associated  with  the  other  sedimentary  strata. 

Extent. — ^While  the  beds  of  sediment  accumulated  in  the  Protero- 
zoic are  known  in  limited  areas  only,  it  is  to  be  borne  in  mind  that  the 
Proterozoic  sediments  were  in  reality  as  widespread  as  the  Proterozoic 
seas;  for  though  coarse  material  from  the  land  is  not  usually  washed 
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out  far  from  the  shore,  material  fine  enough  to  be  carried  in  suspension 
may  be  transported  great  distances,  and  small  amounts  of  dust  are 
constantly  being  blown  from  the  land  to  all  parts  of  the  sea.  In  later 
geologic  time,  the  life  of  the  sea  has  occasioned  considerable  deposits 
even  far  from  the  land,  and  presiunably  over  the  whole  of  the  ocean  bot- 
tom. The  same  may  have  been  true  from  the  beginning  of  the  Proterozoic 
era,  for  the  beginnings  of  Ufe  go  even  farther  back.  Both  from  extra- 
terrestrial sources,  and  by  precipitation  from  solution,  further  addi- 
tions may  have  been  made  to  the  sediments  accumulating  on  the  sea 
bottom.  Sedimentation,  even  if  slow,  was  therefore  doubtless  in 
progress  in  the  deeper  parts  of  the  Proterozoic  seas  as  well  as  near  the 
shores.  These  general  considerations  prepare  us  for  the  study  of  the 
sedimentary  rocks  now  exposed. 

The  sediments  and  their  interpretation. — The  sedimentary  beds  of 
the  Proterozoic  consist  of  conglomerates  (Vol.  I,  p.  468),  sandstones, 
C^ol.  I,  p.  422),  shales  (Vol.  I,  p.  473),  and  limestones  (Vol.  I,  p.  378), 
or  of  their  metamorphic  equivalents.  Before  being  cemented  or  other- 
wise solidified  into  firm  rock,  their  materials  were  gravel,  sand,  mud, 
etc.  The  manner  in  which  such  materials  are  now  being  derived 
from  previous  formations  is  set  forth  in  Volume  I,  pp.  110-114,  332- 
338,  and  420-426;  the  manner  in  which  they  are  transported  by  streams, 
waves,  and  ocean  currents  is  explained  on  pp.  115-119,  354,  and  364 
of  the  same  volume;  and  the  way  in  which  they  are  assorted,  distributed, 
and  deposited  is  discussed  on  pp.  177-204  and  355-386.  The  facts 
and  principles  there  set  forth  should  be  well  in  mind  before  the  history 
of  this  and  succeeding  periods  is  studied.  In  so  far  as  the  Proterozoic 
sediments  had  the  same  characters  as  the  modern  sediments,  it  is 
inferred  that  they  were  formed  in  similar  ways. 

At  the  base  of  the  Proterozoic,  and  at  the  base  of  its  several  systems, 
there  are  sometimes  foimd  beds  of  basal  conglomerate,  which,  when 
traced  laterally,  are  found  to  abut  agamst  steep  slopes  (cliffs)  of  the 
underlying  formation.  This  is  exactly  the  relation  which  the  gravel 
and  shingle  of  existing  beaches  sustain  to  the  shore  rock.  It  is  therefore 
inferred  that  these  ancient  conglomerates  represent  ancient  shore 
tracts.  As  the  beds  which  overlie  the  basal  conglomerates  are  usually 
of  finer  materials,  the  shore  is  inferred  to  have  advanced  upon  the 
land  as  sedimentation  proceeded,  and  thus  to  have  given  opportunity 
for  the  deposition  of  off-shore  material  over  the  coarse  shore  deposits. 
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Conglomerate  beds  which  are  not  basal  also  occur,  and  point  to  changes 
in  the  conditions  of  sedimentation  even  where  unconformities  were  not 
developed. 

The  Proterozoic  group  also  contains  great  thicknesses  of  quartzite, 
which  is  composed  chiefly  of  grains,  and  sometimes,  small  pebbles, 
of  quartz,  cemented  firmly  together,  usually  by  the  secondary  growths 
of  the  grains,  as  explained  and  illustrated  in  Volume  I  (p.  434).  It 
is  inferred  therefore  that  in  Proterozoic  times  there  was  ample  oppor- 
tunity for  the  separation  of  quartz  grains  from  the  quartz-bearing 
Archean  rocks,  and  for  the  rolling  and  rounding  of  these  grains  before 
they  came  to  rest.  As  the  quartzites  of  the  Proterozoic  are  some- 
times thousands  of  feet  thick,  the  decomposition  which  furnished  the 
necessary  sand  must  have  been  correspondingly  great,  since  in  some 
great  formations  made  of  decomposable  minerals  (such  as  feldspars, 
amphiboles,  etc.)  grains  of  quartz  are  absent  or  rare. 

The  Proterozoic  formations  also  include  great  beds  of  shales,  or 
their  metamorphic  equivalents,  which  are  interpreted  as  the  clayey- 
products  of  the  same  decomposition,  and  their  presence  confirms  the 
inference  drawn  from  the  sandstones  and  quartzites.  Limestones 
also  are  present,  from  which  it  is  inferred  that  the  waters  of  the  time 
had  become  calcareous  by  processes  similar  to  those  now  in  operation 
(Vol.  I,  pp.  429-431,  122,  and  107),  and  that  by  one  or  another  of  the 
processes  by  which  limestone  is  now  produced,  a  portion  of  the  cal- 
careous content  of  the  waters  was  deposited.  The  limestone  affords 
further  confirmation  of  the  preceding  inferences,  for  in  the  decom- 
position of  crystalline  rocks  necessary  to  free  the  quartz  grains  and 
produce  clays,  the  calcareous  material  is  largely  dissolved  and  carried 
to  the  sea  in  solution. 

The  inference  that  these  ancient  sediments  were  deposited  in  the 
same  manner  as  the  sediments  of  modern  times  is  further  supported 
by  the  ripple  and  other  water-marks  on  the  sandstones  and  shales, 
and  by  the  character  of  their  lamination  and  stratification,  which, 
where  still  preserved,  are  precisely  analogous  to  those  of  the  present. 
By  combining  evidences  of  this  kind,  imtil  by  mutual  support  there  is 
no  rational  room  for  doubt,  the  mode  of  formation  of  these  ancient 
deposits  is  deciphered,  and  their  history  read. 

The  fact  that  some  of  the  deposits  are  difi^erently  constituted,  and 
tell  a  different  tale,  tends  rather  to  increase  confidence  than  to  destroy 
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it.  Some  of  the  sandstones  contain  abundant  grains  of  feldspar  and 
other  silicate  minerals,  from  which  it  is  inferred  that  the  conditions 
under  which  their  materials  were  derived  did  not  permit  mature  decom- 
position. As  the  more  notable  sandstones  (wackes)  of  this  type  are 
associated  with  lava  beds,  it  is  a  consistent  inference  that  as  a 
result  of  the  volcanic  fragmentation  that  accompanied  the  outflows, 
and  the  naked  surfaces  that  succeeded  them,  the  ratio  of  surface  wash  to 
decomposition  was  high,  and  that  fragmental  material  was  borne 
away  to  the  depositing  grounds  before  being  completely  decomposed. 

To  account  for  the  thick  series  of  sediments  which  exist,  it  seems 
necessary  to  suppose  that  there  was  in  progress,  in  some  places  at 
least,  a  slow,  quiet  warping  of  the  surface  which  lowered  the  lodgment 
basins  about  as  fast  as  they  were  filled,  and  perhaps  at  the  same  time 
raised  the  areas  from  which  the  supply  of  material  came,  though  this 
last  inference  is  not  a  necessary  one  (Vol.  I,  pp.  540-541). 

By  such  comparisons  and  inferences,  it  is  concluded  that  the  general 
conditions  of  the  Proterozoic  times  were  more  like,  than  unlike,  those 
of  the  present  time,  though  the  points  of  difference  were  considerable, 
especially  the  greater  prevalence  of  igneous  action.  Both  the  resem- 
blances and  the  differences  will  be  more  apparent  after  the  details  of 
the  formations  are  studied. 

Geographic  Relations  of  the  Exposed  Proterozoic  to  the  Exposed  Archean. 

Proterozoic  rocks  appear  at  the  surface  in  many  parts  of  North 
America,  but  in  few  regions  have  they  been  clearly  separated  from 
the  Archean,  and  in  very  few  have  their  subdivisions  been  worked  out 
so  as  to  permit  of  their  separate  delineation  on  maps.  Fig.  38  shows 
the  area  where  rocks  of  known  Proterozoic  age  lie  at  the  surface,  as 
well  as  areas  where  Proterozoic  rocks  have  not  been  differentiated 
from  the  Archean.  Where  their  relations  have  been  made  out,  the 
Proterozoic  rocks  are  foimd  to  be  associated  in  many  places,  but  not 
in  all,  with  areas  of  exposed  Archean.  Where  Proterozoic  and 
Archean  rocks  are  associated  at  the  surface,  the  former  are  often  found 
about  the  borders  or  along  the  sides  of  areas  of  the  latter,  or  sometimes 
in  narrow  belts,  or  in  isolated  patches  within  them.  These  various 
relations  are  shown  on  the  map  (Fig.  38),  and  also  by  Figs.  51  to  56. 

That  the  Proterozoic  formations  should  be  exposed  most  commonly 
about  the  borders  of  the  Archean  is  made  clear  by  Fig.  51,  which  shows, 


172 


GEOLOGY. 


in  section,  the  general  relations  of  the  Proterozoic  systems  to  the 
Archean    (M)  below,  and  to  younger  formations   (fi)  above.     The 


Fig.  51. — ^Diagram  showing  a  common  surface  relationship  between  Archean  {M), 
Proterozoic  (AZ),  and  Cambrian  (€).  The  Proterozoic  (Algonkian)  formations 
appear  at  the  surface  between  younger  and  older  formations. 

same  relations  are  shown  in  ground-plan  in  Fig.  52.   While  the  relations 
shown  in  these  diagrams  are  common,  there  are  areas  of  Archean  not 


Fig.  52. — ^Diagrammatic  map,  showing  in  ground  plan  the  relations  expressed  in 

section  in  Fig.  51. 

surrounded  or  bordered  by  exposed  Proterozoic  formations,  and  areas 
of  the  latter  not  associated  with  exposed  Archean.    The  former  rela- 


FiG.  53. — ^Diagram  showing  how  Proterozoic  rock  {Al)  may  fail  to  outcrop  about 

Archean  {JR). 

tionship  is  explained  by  Fig.  53,  where  a  later  formation  is  represented 
as  lapping  completely  over  the  Proterozoic  {Al).    Younger  formations 
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may  completely  cover  the  Proterozoic  beds  on  one  side  of  an  area  of 
exposed  Archean^  while  they  fail  to  do  so  on  the  other  (Figs.  54  and  55). 


Fio.  54. — ^Diagram  showing  how  Proterozoic  rock  (AT)  may  outcrop  on  one  side  of 
an  area  of  Archean  (Ai)  and  not  on  the  other. 

Belts  and  patches  of  Proterozoic  rock  within  areas  of  Archean  (Fig.  56) 
are  often  remnants  left  by  erosion,  and  indicate  the  former  extension 
of  the  yoimger  group  beyond  its  present  limits. 

The  occurrence  of  Proterozoic  formations  with  little  siu^ace  associa- 
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Fro.  55. — Diagram  showing  in  ground  plan  the  relations  expressed  in  section  in  Fig. 
54.      ^  Archean;  Ai,  Proterozoic;  €,  Cambrian. 

lion  with  Archean,  is  illustrated  in  the  southeastern  part  of  South 
Dakota  and  the  adjacent  parts  of  Minnesota  (Sioux  quartzite). 
The  Proterozoic  rocks  in  this  region  may  be  presumed  to  lie  on  an 
Archean  floor,  and  an  adjacent  area  of  Archean,  now  mostly  covered 
by  younger  formations,  may  be  supposed  to  have  furnished  the  sedi- 


174 


GEOWCfY. 


ments  for  the  Proterozoic.    A  sequence  of  events  which  would  account 
for  the  existing  relations  is  illustrated  by  Figs.  57  and  58. 

It  is  to  be  borne  in  mind  that  the  map  (Fig.  38)  shows  only  the 
exposed  areas  (so  far  as  known)  of  the  Archean  and  Proterozoic.    The 


included  in  Archean    {Ai^\ 
(Van  Hise,  Bayley,  and 


real  extent  of  both  systems  is  much  greater.    The  Proterozoic  beds  of 
Wisconsin  are  probably  continuous  beneath  younger  formations  with 


Figs.  57  and  68. — Fig.  57  shows  Archean  rock  {M)^  on  a  portion  of  which  Proter- 
ozoic sediments  (AQ  have  been  deposited.  Fig.  58  shows  the  same  area  after 
deformation.  The  Archean  rock  {At)  not  covered  by  Proterozoic  sediments  has 
been  depressed  and  other  sediments,  a,  have  been  deposited  upon  it.  The  result  Is 
that  the  Archean  rock  (M)  is  nowhere  exposed  at  the  surface,  and  Proterozoic 
rock  (AQ  appears  at  the  surface  not  in  association  with  outcrops  of  Archean. 

the  Proterozoic  beds  of  southwestern  Minnesota,  and  these  in  turn 
with  those  of  Missouri  and  Texas  (where  the  pre-Cambrian  rock  is 
probably  Proterozoic  in  part  at  least)  on  the  south,  and  with  those 
of  the  Black  Hills  and  Rocky  Mountains  (where  the  undifferentiated 
pre-Cambrian  of  the  map,  Fig.  38,  is  at  least  partly  Proterozoic)  on 
the  west.    The  total  area  where  Proterozoic  rocks  exist  is  therefore 
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believed  to  be  very  great,  much  greater  than  the  area  where  they  are 
exposed. 


The  Proterozoic  of  the  Lake  Superior  Region. 

The  Proterozoic  fonnations  have  been  most  carefully  studied  and 
their  relations  are  best  understood  in  the  region  about  Lake  Superior, 


Fig.  59. — Diagram  showing  the  general  relations  of  the  three  Proterozoic  systems  of 
rock  in  the  Lake  Superior  region.  H,  Huronian;  A,  Animikean;  K,  Keweenawan. 
The  diagram  also  shows  the  relation  of  these  Proterozoic  systems  to  the  Archean 
{At)  below  and  to  the  Cambrian  (€)  above.  The  cross-pattern  represents  igneous 
rodL.    The  lines,  dots,  etc.,  above  the  Archean  represent  sedimentary  beds. 

and  the  formations  of  this  region  have  been  made  the  basis  for  the 
classification  of  the  Proterozoic  group  as  a  whole.  The  Proterozoic  rocks 
of  this  region  are  of  great  thickness,  and,  as  already  indicated  (p.  165), 
they  are  divisible  into  at  least  three  great  unconformable  systems,  the 
relations  of  which  to  one  another,  to  the  Archean  below,  and  to  the 
Cambrian  above,  are  shown  diagrammatically  in  Fig.  59. 

During  at  least  some  portion  of  the  Proterozoic  era  there  was  prob- 
ably an  island  of  Archean  rock  in  northern  Wisconsin.  North  of  Lake 
Superior  there  is  a  much  larger  area  of  Archean  rock  not  known  to  have 
been  submerged  during  this  period.  So  far  as  present  knowledge  goes, 
these  land-areas  may  have  been  sometimes  imited  as  a  result  of  the  ele- 
vation, relative  or  absolute,  of  the  intervening  areas.  These  land-areas 
were  the  chief  sources  of  the  Proterozoic  sediments  deposited  in  the 
Lake  Superior  region. 

The  Huronian  system, 

(Lower  and  Middle  Huronian  of  page  161.) 

Composition  and  thickness. — ^The  rocks  of  this  system  are  chiefly 
sedimentary.    They  include  all  the  common  sorts  of  clastic  rocks  or 
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their  metamorphosed  products,  a  subordinate  amount  of  limestone, 
and  beds  of  iron  ore  derived  by  alteration  from  beds  of  ferruginous 
(non-clastic)  sediments.  The  beds  of  limestone  (dolomite)  are  not 
known  to  contain  fossils,  and  their  organic  origin  cannot  be  affirmed, 
though  this  is  perhaps  their  most  reasonable  explanation. 

The  period  of  Huronian  sedimentation  was  long,  for  in  areas  favor- 
ably situated  thicknesses  of  sediment  to  be  measured  by  thousands  of 
feet  rather  than  by  denominations  of  a  lower  order,  were  deposited. 
Thicknesses  of  6000  feet,  and  perhaps  of  18,000  (see  p.  181),  are  re- 
ported. That  sedimentation  was  not  imiform  throughout  the  region 
is  indicated  both  by  the  fact  that  the  number  of  formations  included 
in  the  system  is  different  in  different  regions,  and  by  the  fact  that 
the  thickness  of  a  given  formation  sometimes  varies  greatly  within 
short  distances.  In  the  Menominee  region  there  are  five  sedimentary 
formations,  in  the  Marquette  region  nine,  while  north  of  Lake  Huron 
thirteen  i  have  been  enumerated.  The  lesser  number  at  some  points 
may  be  in  part  the  result  of  erosion  which  has  carried  away  a  portion 
of  the  system,  but  it  is  also  probable  that  the  number  of  formations 
did  not  originally  correspond  in  different  parts  of  the  broad  area  under 
consideration. 

The  sedimentary  beds  of  the  Huronian  system  are  cut  by  dikes  and 
affected  by  igneous  intrusions  of  great  and  small  extent.  From  the 
relations  of  the  igneous  rocks  to  the  sedimentary,  it  is  clear  that 
extrusions  of  lava  and  deposits  of  volcanic  elastics  took  place  at 
various  times  during  the  period,  the  lavas  and  tuffs  being  covered  in 
turn  by  sediments.  Where  the  metamorphism  has  been  great,  it  is 
not  now  possible  in  all  cases  to  say  whether  a  given  body  of  igneous 
rock  was  intrusive  or  extrusive,  and  in  many  cases  where  it  was  in- 
trusive, the  date  of  irruption  cannot  be  fixed.    Locally,  and  even  for 


Fig.  60. — Section  of  the  Proterozoic  in  the  Marquette  region,  N.  Mich.  Aln,  Ne- 
gaunee  (iron-bearing)  formation  (Huronian);  Aui,  Ishpeming  formation  (Animi- 
kean);  Aed,  eruptive  diabase  or  diorite.  Length  of  section,  3  miles.  (Van  Hise, 
Bayley,  Smyth,  Mono.  XXVIII,  U.  S.  Geol.  Surv.) 

considerable  areas,  the  igneous  rocks  are  more  abundant  than  the 
sedimentary  in  the  exposed  part  of  the  system  (Fig.  60). 

*  See  p.  181 ,  and  foot-note  3,  p.  161. 
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Disturbing  movements. — ^Af ter  the  Huronian  formations  had  attained 
great  thicknesses,  the  submergence  which  attended  their  accumulation 
was  succeeded  by  a  reverse  movement,  relative  or  absolute.  The 
beginning  of  this  opposite  movement  marked  the  beginning  of  the 
end  of  the  Huronian  period.  The  emergence  of  the  land  was  prob- 
ably brought  about  slowly,  perhaps  as  slowly  as  the  submergence 
which  had  preceded.  Though  the  border  of  the  sea  receded  from 
the  position  which  it  had  earlier  attained,  sedimentation  continued 
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Fig.  61. — Diagrammatic  section  showing  relations  which  existed  around  Archean 
lands  during  the  Huronian  period.  Huronian  sediments  (AZ)  are  in  process  of 
deposition.    They  are  affected  by  intrusions  and  extrusions  of  lava,  d^  a,,  etc. 

along  its  shores  at  their  successive  positions.  Figs.  61  and  62  will 
help  to  make  the  relations  clear.  On  the  supposition  that  submerg- 
ence and  emergence  of  the  land  were  gradual,  the  duration  of  Huronian 
sedimentation  must  have  been  greater  at  some  points  than  at  others. 
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Fio.  62. — Diagram  representing  the  area  shown  in  Fig.  61  after  further  sedimentation, 
intrusion,  and  deformation.  Erosion  has  also  affected  the  deformed  beds.  It  is  to 
be  noted  that  sedimentation  is  in  progress  at  the  right,  and  that  the  sediments  now 
depositing,  &,  are  conformable  on  the  Huronian  sediments,  //,  at  the  extreme  right. 

Thus  if  Huronian  sedimentation  was  brought  about  by  submergence, 
it  began  earlier  at  a  than  at  h  (Fig.  61)  and  ended  later. 

Either  as  the  land  emerged,  or  at  some  time  after  emergence,  the  sedi- 
mentary beds  which  had  been  deposited  in  horizontal  or  slightly  sloping 
positions  were  deformed,  being  folded  in  some  regions  and  tilted  in 
others.  At  the  same  time  it  is  probable  that  lava  was  locally  intruded 
into  them  and  spread  out  upon  their  surface.  The  deformation  of 
the  strata  and  the  contemporaneous  igneous  activity  had  their  effect 
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on  the  character  of  the  rocks,  often  rendermg  them  metamorphic.  Since 
the  metamorphism  is,  on  the  whole,  most  complete  where  the  deforma- 
tion of  the  beds  has  been  greatest,  it  is  inferred  that  dynamic  action 
was  a  principal  factor  in  the  metamorphism.  As  a  result  of  the  meta- 
morphic change,  slates  and  schistose  rocks  of  various  sorts  came  to  be 
important  components  of  the  system.  Fig.  63  represents,  about  natu- 
ral size,  the  structure  of  a  piece  cf  Huronian  rock  after  deformation. 
It  is  not  to  be  understood,  however,  that  dynamic  and  thermal 
agents  were  the  only  ones  involved  in  the  changes  which  the  Huronian 


Fig.  63. — Figure  showinj^  the  deformation  of  a  small  piece  of  Huronian  rock.  The 
dark  bands  are  iaspilite.  The  remainder  is  iron  ore  (hematite).  The  character  of 
the  bending  and  breaking  shows  that  the  deformation  took  place  in  the  zone  of 
combined  fracture  and  flowage.  (Van  Hise,  Baj'ley,  and  Smyth,  Mono.  XXVIII, 
U.  S.  Geol.  Surv.) 


formations  have  suffered.  The  sandstones  and  the  quartzose  conglomer- 
ates have  been  transformed  into  quartzites  by  other  means  (p.  170),  and 
the  iron-bearing  formations,  originally  laid  down  as  cherty  ferru- 
ginous carbonates  in  some  cases,  and  as  ferrous-silicate-bearing  sedi- 
ments in  others,  have  been  notably  changed  by  percolating  waters 
carrying    Oxygen,    carbonic    acid,    etc.      One    of    the  results   of    this 
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change,  brought  about  by.  dissolving,  recombining,  and  precipitating, 
was  the  production  of  beds  of  iron  ore,  chiefly  hematite.^ 

The  sections  which  follow  give  some  idea  of  the  present  conditions 
of  the  formations. 

Sections  of  the  Huronian. — The  following  Huronian  sections,  in  selected  locali- 
ties where  the  rocks  have  been  well  studied,  give  some  idea  of  the  range  of  the 
system. 

The  Huronian  series  of  tfie  Marquette  region  of  northern  Michigan  *  rests  un- 
conformably  on  the  Archean,  and  includes,  in  ascending  order,  (1)  the  Mesnard 
quart zite,  with  basal  conglomerate,  and  some  slate,  110  to  620  feet  thick;  (2) 
the  Kona  dolomite,  with  some  clastic  layers,  425  to  1375  feet  thick;  (3)  the  We  we 
slate,  including,  besides  slate,  some  conglomerate,  quartzite,  and  schist,  550  to 
1050  feet  thick;  (4)  the  Ajibik  quartzite,  which  is  sometimes  schistose,  700  to 
900  feet  thick;  (5)  the  Siamo  slate,  with  some  grayivacke  and  quartzite,  600  to 
1200  feet  thick;  and  (6)  the  highly  ferruginous  Negaunee  formation,  which  includes 
sideritic  slate,  griinerite-magnetite  schist,  ferruginous  chert,  jaspilite,  and  iron 
ore,  and  has  a  thickness  of  1000  to  1500  feet.'  The  sideritic  slate  appears  to  have 
been  the  dominant  original  type  of  rock  in  the  Negaunee  formation  and  most  of 
the  other  phases  of  this  formation  have  been  developed  from  it.  The  series 
also  includes  some  volcanic  rocks.    The  beds  are  now  closely  folded  and  generally 

Fig.  64. — Section  of  Huronian  in  the  Marquette  (N.  Mich.)  region.  Aim,  Mesnard 
quartzite;  Alk,  Kona  dolomite;  AXxc,  Wewe  slate;  Ala,  Ajibik  quartzite;  Ah, 
Siamo  date.  Length  of  section,  3  miles.  (Van  Hise,  Bayley,  and  Smyth,  U.  S. 
Geol.  Surv.) 

much  metamorphosed.    (Figs.  64  and  65  illustrate  the  positions  of  the  formations 
in  this  region.) 

In  ^€  Menominee  (Michigan  and  Wisconsin)*  region,  the  Huronian  system 
(known  also  as  the  Lower  Menominee)  is  unconformable  on  the  Archean,  and  is 
divided  into  three  formations:  (1)  the  Sturgeon  quartzite,  with  basal  conglom- 
erate, 1(XX)  to  1250  feet  thick;  (2)  the  Randville  dolomite,  including  some 
silicious  dolomite,  calcareous  quartzite,  cherty  and  argillaceous  rocks,  1000  to 

*  For  discussion  of  the  iron  ores  of  the  Huronian  of  the  Lake  Superior  region,  see 
Van  Hise,  2l8t  Ann.  Rept.  U.  S.  Geol.  Surv.,  Pt.  HI;  Irving,  Am.  Jour.  Sci.,  Vol. 
XXXII,  1886,  p.  255;  Van  Hise,  Vol.  XXX^'^I,  1889,  p.  32,  and  Vol.  XLIII,  p.  116; 
and  Monographs  XIX.  XXVIII,  XXXVI,  and  XL,  U.  S.  Geol.  Surv. 

*  Van  Hise,  15th  Ann.  Rept.  U.  S.  Geol.  Surv.,  and  Van  Hise,  Bayley,  and  Smyth, 
Mono.  XXVin,  U.  S.  Geol.  Surv. 

*  According  to  the  classification  last  suggested  (p.  161)  the  division  between  the 
Middle  and  Lower  Huronian  is  between  (3)  and  (4). 

*Van  Hise  and  Bayley,  Menominee  (Mich.)  folio,  U.  S.  Geol.  Surv. 


ISO 


GEOLOGY, 


1500  feet  thick;  and  (3)  the  Negaunee  formation  of  slight  development,  cor- 
responding with  the  formation  of  the  same  name  in  the  Marquette  region.  The 
series  is  closely  folded,  and  the  beds  are  often  vertical. 


Fig.  65. — Section  showing  the  relations  of  the  Archean,  Huronian,  and  Animikean  at 
one  point  in  the  Marquette  (N.  Mich.)  region.  ARgr,  Archean  ^anite;  Ala  (Ajibik 
quart zite),  Als  (Siamo  slate),  and  Aln  (Negaunee  [iron-beanng]  formation)  are 
Huronian  formations.  Aui  (Ishpeming  formation)  and  Aum  (Michigamme  slate) 
are  Animikean  formations.  Length  of  section,  2  miles.  O'an  Hise,  Baylev,  and 
Smyth,  U.  S.  Geol.  Surv.) 

In  the  Crystal  Falls  region  of  northern  Michigan,^  the  Huronian  series  consists 
of  four  formations.  In  ascending  order,  these  are  (1)  the  Sturgeon  quartzite,  (2) 
the  Randville  dolomite,  (3)  the  Negaunee  formation,  and  (4)  the  Hemlock  for- 
mation. The  Sturgeon  quartzite  has  a  basal  conglomerate,  and  a  thickness 
ranging  from  100  to  1000  feet.  It  grades  into  the  Randville  dolomite,  which  is 
estimated  to  have  a  thickness  of  1500  feet.  The  Negaunee  formation  is  iron- 
bearing,  and  is  similar  to  the  corresponding  formation  of  the  Marquette  region. 
The  Hemlock  formation  consists  principally  of  volcanic  rocks,  both  acidic  and 
basic,  and  of  crjrstalline  schists  derived  from  them.  The  Huronian  rocks  of  this 
region  have  been  twice  folded,  the  axes  of  the  folds  being  nearly  at  right  angles. 
The  rocks  are  notably  metamorphosed. 

In  the  Penokee-Gogebic  region  (Wis.-Mich.)'  two  formations  are  found,  a 
quartzite  (Mesnard)  below,  and  a  dolomite  (Kona)  above.  It  is  unconformable  on 
the  Archean,  and  has  a  monochnal  structure,  the  beds  dipping  at  high  angles. 

In  the  Mesabi  (Minn.y  district,  the  Huronian  series  consists  of  metamorphosed 
graywackes,  slates,  conglomerates,  and  granites,  imconformable  on  the  Archean. 
The  thickness  is  at  least  5000  feet,  and  may  be  10,000  feet.  The  bedding  and 
schistose  cleavage  are  nearly  vertical. 

The  Huronian  of  the  Vermilion  {Min7i,)  region  *  is  made  up  of  three  conformable 
members,  (1)  the  Ogishkee  conglomerate  below,  (2)  the  Agawa  (iron-bearing) 
formation  in  the  middle,  and  (3)  the  Knife  Lake  slates  above.'  The  Ogishkee 
conglomerate  is  a  basal  conglomerate,  unconformable  on  the  Ai'chean.  The 
Agawa  formation  has  a  carbonate,  slaty  facies,  and  a  chert,  jasper,  iron  oxide, 
and  slate  facies.    Lithologically,  it  is  very  like  the  Soudan  formation  of  the  Archean 

*  Van  Hise,  21st  Ann.  Rept.  U.  S.  Geol.  Surv.,  and  Van  Hise,  Clements,  Smyth, 
and  Bayley,  Mono.  XXXVI,  U.  S.  Geol.  Sur\'. 

*Van  Hise,  10th  and  2l8t  (Pt.  Ill)  Ann.  Repts.  U.  S.  Geol.  Surv.;  also  Ir%ing 
and  Van  Hise,  Mono.  XIX,  pp.  127-142,  U.  S.  Geol.  Surv. 
» Leith,  Mono.  XLIII,  U.  S.  Geol.  Surv. 

*  aements.  Mono.  XLV,  U.  S.  Geol.  Surv. 

'In  the  latest  publication  touching  this  region,  the  name  of  the  Agawa  forma- 
tion is  omitted.     Jour,  of  Geol.,  Vol.  XIII,  p.  94. 


THE  PROTEROZOIC  ERA.  181 

(p.  150).  The  structure  of  these  formations  is  so  complex,  as  a  result  of  fault- 
ing and  folding,  that  thicknesses  are  not  easily  estimated.  The  thickness  of  the 
Knife  Lake  formation  has  been  estimated  at  2500  feet,  which  is  probably  less 
than  its  original  thickness. 

In  the  area  north  of  Lake  Huron,  whence  the  Huronian  system  derives  its 
name,  the  strata  formerly  included  in  it  consist  of  great  thicknesses  of  rock,  divisi- 
ble into  thirteen  formations.*  Though  outside  the  Lake  Superior  region,  the 
section  is  here  given.     In  ascending  order  the  formations  are  as  follows : 

(1)  Gray  quartzite,  500  feet;  (2)  chlorite  slate  (altered  surface  volcanic  rock)^ 
2000  feet;  (3)  white  quartzite,  1000  feet;  (4)  lower  slate  conglomerate  (or  gray- 
wacke  and  grajrwacke  conglomerate),  1280  feet;  (5)  limestone,  300  feet;  (6) 
upper  slate  conglomerate  (or  graywacke  and  gra3rwacke  conglomerate),  3000 
feet;  (7)  red  quartzite,  2300  feet;  (8)  red  jasper  conglomerate,  2150  feet;  (9) 
white  quartzite,  2970  feet;  (10)  yellow  cherty  limestone,  200  feet;  (13)  white 
quartzite,  400  feet;  total,  18,000  feet.    Some  of  this  is  now  classed  as  Animikean. 

The  first  five  of  the  above  formations,  with  an  aggregate  thickness  of  about 
5000  feet,  were  formerly  regarded  as  "  Lower  Huronian  "  *  and  the  others  as  "  Upper 
Huronian."  It  is  now  considered  possible  that  all  may  be  Huronian,  as  that 
term  is  here  used.*  The  basal  member  of  this  series  rests  on  the  Archean  uncon- 
formably,  and  there  appears  to  be  an  unconformity  between  the  fifth  and  sixth 
members.     The  uppermost  member  is  overlain  unconformably  by  Cambrian  beds. 

It  is  to  be  borne  in  mind  that  the  series  of  rocks  here  included  under  the  Huro- 
nian have  but  recently  been  divided  into  two  systems,  and  that,  if  future  work 
shall  show  that  the  break  between  them  is  important  and  general,  rather  than 
local,  one  of  the  divisions  will  doubtless  receive  an  appropriate  name  and  take  its 
place  in  the  series  along  with  Huronian,  Animikean,  and  Keweenawan. 

Erosion  of  the  deformed  Huronian  system. — The  deformation  of 
the  Huronian  formations  at  the  close  of  the  period  brought  considerable 
areas  of  what  had  been  the  sites  of  sedimentation  into  positions  favor- 
able for  erosion.  The  extent  of  these  areas  is  unknown,  and  is  likely 
to  remain  so,  since  most  of  the  Huronian  strata  are  now  covered  by 
later  beds  which  effectively  conceal  much  of  the  eroded  surface  of 
the  Huronian,  and  prevent  the  determination  of  its  extent.  The 
period  of  erosion  which  followed  seems  to  have  been  long,  but  its  dura- 
tion cannot  be  accurately  measured.  It  is  certain  that  great  thicknesses 
of  the  sedimentary  beds  were  carried  away,  for  the  stubs  of  great  folds, 

•  Logan,  Rept.  of  Progress  of  the  Geol.  Surv.  of  Canada,  1863.  Van  Hise,  16th 
Ann.  Rept.,  Pt.  I,  U.  8.  Geol.  Surv.,  p.  776. 

»  Van  Rise,  Bull.  86,  U.  S.  Geol.  Surv.     See  also  Jour,  of  Geol.,  Vol.  XIII,  p.  98. 

*  Coleman,  American  Geologist,  Vol.  XXIX,  1902,  pp.  327-334.  Willmott,  Am. 
Geo!.,  Vol.  XXVIII,  pp.  14-19,  thinks  most  of  this  Huronian  equivalent  to  the  *' Upper" 
Huronian  of  Canadian  geologists. 
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truncated  before  the  deposition  of  the  next  succeeding  system,  show 
that  thousands  of  feet  of  sedimentary  rock  must  have  been  removed 
from  their  crests.  Such  remnants  of  this  formation  as  escaped  destruc- 
tion are  in  some  places  known  to  possess  a  thickness  of  about  6000 
feet  (Marquette  district  of  northern  Michigan),  and  if  all  the  so-called 
Huronian  of  the  area  north  of  Lake  Huron  be  Huronian,  within  the 
meaning  of  the  term  as  here  used,  the  thickness  is  18,060(?)  feet.^  In 
other  places  the  Huronian  strata  were  completely  removed,  together 
with  an  unknown  thickness  of  the  Archean  below.  According  to 
such  data  as  are  at  command  touching  this  question,  it  does  not  seem 
improbable  that  the  erosion  interval  which  followed  the  uplift  of  the 
Huronian  beds  was  as  protracted  as  the  interval  during  which  they 
accumulated. 

The  erosion  of  a  land  surface  implies  sedimentation  about  its  bor- 
ders. The  materials  worn  from  the  Archean  and  Huronian  formations 
during  this  period  of  erosion  were  probably  carried  to  the  sea  in  the 
main,  and  deposited  chiefly  near  its  shores;  but  where  the  shores  were 
during  this  time  there  are  no  means  of  knowing,  since  the  deposits  then 
made  seem  to  have  been  covered,  in  large  measure,  by  later  sediments, 
and  not  since  exposed. 

Contemporaneous  events  elsewhere. — The  processes  which  were 
going  on  about  Lake  Superior  were  doubtless  in  operation  about  every 
other  land-mass  of  the  time;  but  it  does  not  necessarily  follow  that 
the  areas  of  sedimentation  were  extended  and  contracted  in  other 
regions  just  as  they  were  about  Lake  Superior.  It  is  a  principle  gener- 
ally observed  in  geological  nomenclature  that  the  name  applied  to  a 
series  or  a  formation  in  one  place  is  not  given  to  a  series  or  a  formation 
in  another,  unless  there  is  strong  reason  for  believing  the  two  to  have  been 
contemporaneous,  or  essentially  contemporaneous,  in  origin.  While, 
therefore,  there  are  rocks  in  other  localities  which  doubtless  correspond 
in  age  with  the  Huronian  of  Lake  Superior,  their  contemporaneitj^^  has  not 
been  proved,  and  the  term  Huronian  is  not  generally  applied  to  them.^ 

>  Ante,  p.  151. 

*  For  a  fuller  description  of  jthe  '* Lower"  Huronian  of  the  Lake  Superior  region , 
and  of  the  early  Algonkian  of  other  regions,  see  Van  Hise,  BuD.  86, 16th  Ann.  Rept. 
Monos.  XIX,  XXVIII,  XLIII,  and  XL,  and  the  2l8t  Ann.  Rept.,  Pt.  Ill,  U.  S.  Geol.  Sur\\ 
For  a  discussion  of  the  principles  involved  in  the  study  of  complex  systems  of  non- 
fossiliferous  rocks,  such  as  the  Archean  and  Algonkian  of  Lake  Superior,  see,  in  addi- 
tion, Irving,  7th  Ann.  Kept.,  U.  S.  Geol.  Surv. 
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The  Animikean  system. 
(The  Upper  Huronian  of  some  authors.) 

General  relations. — ^After  erosion  had  long  operated  on  the  de- 
formed Huronian  rocks,  much  of  the  area  about  Lake  Superior  again 
became  the  site  of  deposition.  The  change  was  probably  brought 
about  by  slow  subsidence,  and  as  it  progressed,  the  sea  appears  to 
have  encroached  upon  the  areas  which,  while  land,  had  suffered  ex- 
tensive erosion.  Meanwhile  great  areas  of  the  earth's  surface  prob- 
ably remained  continuously  under  water,  and  were  the  sites  of  deposi- 
tion. Sedimentation  was  renewed  in  the  Lake  Superior  region,  prob- 
ably under  conditions  similar  to  those  which  existed  at  the  beginning 
of  the  Huronian  period.  With  the  renewal  of  sedimentation,  there  was 
begun  a  second  series  of  sedimentary  beds  lying  on  the  eroded  sur- 
face of  the  first. 

While  the  Animikean  series  is,  as  a  rule,  unconformable  on  the 
Huronian  where  their  contact  is  seen,  it  does  not  follow  that  this  is 
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Fig.  66. — Dia^am  showing  same  area  as  Fig.  62,  after  subsidence,  which  allows  of 
sedimentation  over  a  part  of  the  eroded  surface  of  H.  At  the  right  the  sediments 
b  are  conformable  on  //;  at  the  left,  sediments  A  are  imconformable  on  //. 

their  universal  relationship.  TVTierever  the  Huronian  formations  were 
not  exposed  to  erosion  before  the  deposition  of  the  next  succeeding 
series,  their  relation  to  the  Animikean  must  be  one  of  conformity. 
The  area  of  conformity,  the  whole  earth  considered,  must  be  far  greater 
than  the  area  of  unconformity,  though  the  latter  is  the  rule  where 
the  contact  of  the  two  systems  is  known.  In  some  parts  of  the  Lake 
Superior  region  the  subsidence  of  the  Animikean  period  appears  to  have 
been  so  great  that  the  sea  covered  the  whole  of  the  Huronian  series, 
and  reached  the  Archean  beyond.  In  such  places  Animikean  sedi- 
ments were  deposited  on  the  Archean. 

Composition. — ^The  source  of  material  of  the  Animikean  system  is 
readily  understood.  All  the  exposed  Archean  and  all  the  exposed 
Huronian  formations  probably  made  their  contributions.    Sedimenfs 
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precipitated  from  solution  also  seem  to  have  entered  into  the  system, 
as  in  the  case  of  the  iron-bearing  formations.  The  character  of  the 
beds  as  first  laid  down  was  much  the  same  as  that  of  the  Huronian. 
The  fact  that  the  succession  of  clastic  formations  is  not  the  same  in 
different  parts  of  the  region  shows  that  the  conditions  of  sedimentation 
varied  from  point  to  point  about  the  ancient  lands,  even  within  the 
Lake  Superior  region. 

Certain  characteristics  of  some  of  the  rocks  of  this  system  deserve 
special  mention.  Within  the  system  there  are  considerable  thick- 
nesses of  black  shale,  the  color  of  which  is  due  to  the  presence  of  carbon, 
often  in  considerable  quantity.  Where  the  rocks  are  highly  metamor- 
phic,  the  black  shale  has  been  changed  to  graphitic  schist.  The  con- 
tent of  carbon  is  thought  to  imply  the  existence  of  life,  though  no 
fossils  have  been  found  in  the  Lake  Superior  region. 

Another  peculiar  and  important  part  of  the  system  is  the  iron 
ore.  Here  belong  the  iron  ores  of  the  Mesabi  (Minn.),  Penokee-Goge- 
bic  (Wis.  and  Mich.),  and  Menominee  (chiefly  Mich.)  regions.  As  in 
the  Archean  and  Huronian,  the  ore  is  in  the  form  of  ferric  oxide  (chiefly 
hematite,  Fe203),  but,  as  in  those  systems,  the  ferruginous  formations 
originally  consisted  of  iron-bearing  cherty  carbonates,  and  sediments 
containing  ferrous  silicate.  In  so  far  as  the  iron  was  a  carbonate, 
both  its  original  form  and  the  changes  through  which  it  has  passed 
seem  to  imply  the  existence  of  life  during  the  period  of  deposition. 

Igneous  rocks. — ^There  is  reason  to  believe  that  igneous  forces  were 
active  during  the  period,  and  that  lavas  were  sometimes  intruded  into 
the  beds,  and  into  the  Archean  and  Huronian  beneatn.  The  total 
amount  of  igneous  rock  associated  with  the  system  is  great,  frequently 
predominating  (as  at  the  east  end  of  the  Penokee-Gogebic  range,  Mich.) 
over  the  rocks  of  sedimentary  origin. 

Thickness  of  sediments  and  duration  of  the  period. — The  period  of 
Animikean  sedimentation  continued  until  sediments  many  thousancLs 
of  feet  in  thickness  had  accumulated.  In  the  Penokee  region,  that 
portion  of  the  system  which  still  remains  after  notable  reduction  by 
erosion,  has  an  estimated  thickness  of  about  14,000  feet.  In  other 
regions  the  thickness  of  what  now  remains  is  5000  to  6000  feet, 
though  the  average,  where  definitely  known,  is  considerably  less.  It 
is  certain,  however,  that  existing  thicknesses  often  fall  far  short  of  the 
original,  for  the  portions  now  remaining  sometimes  (Marquette  region) 
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show  that  they  were  deformed  and  metamorphosed  when  they  lay 
far  (probably  many  thousand  feet)  below  the  surface.  It  is  impos- 
sible to  estimate  in  years,  even  approximately,  the  duration  of  the 
period,  but  it  may  well  have  been  as  great  as  that  of  the  Huronian. 
Defonnation  and  erosion. — After  the  Anipiikean  formations  had 
attained  great  thicknesses,  the  bed  on  which  they  rested  suffered  wide- 
spread, but  not  universal,  deformation,  and  as  the  sea  receded  from  its 
former  shores  it  exposed  a  surface  covered  by  the  new  formations.  So 
soon  as  they  emerged  from  the  sea,  they  were  subject  to  erosion  (Fig.  67). 


Fig.  67. — Diagram  showing  same  area  as  Fig.  66  after  the  Animikean  beds,  A,  liave 

been  deformed  and  eroded. 


The  sediments  worn  from  them  were  carried  down  to  lower  levels  and 
deposited;  but  the  sites  of  deposition  during  the  early  part  of  this  erosion 
interval  have  not  been  seen,  or,  if  seen,  have  not  been  recognized. 
The  deformation  wliich  inaugurated  the  period  of  erosion  was  probably 
slow,  and  the  area  converted  into  land  seems  to  have  remained  above 
the  water  for  a  period  of  time  long  enough  to  allow  of  extensive  erosion. 
Its  amount  cannot  now  be  accurately  measured,  but  it  is  certain  that 
thousands  of  feet  of  rock  were  removed  from  the  surface  of  the  Ani- 
mikean system  in  many  places. 

Alteration  of  the  rocks. — In  general  the  rocks  of  this  system  have 
been  less  metamorphosed  than  those  of  the  preceding.  This  fact,  as 
well  as  the  attitude  of  the  strata,  indicates  that  they  have  been  subject 
to  less  dynamic  action.  In  some  regions,  as  on  the  north  shore  of 
Lake  Superior,  the  strata  are  still  approximately  horizontal;  in  others, 
as  on  the  south  shore  of  Lake  Superior,  they  are  notably  deformed 
(Figs.  68  and  69).  The  forces  involved  in  the  transformation  of  the 
Animikean  beds  affected  the  Huronian  systems  at  the  same  time,  and 
the  metamorphism  of  the  latter  may  I :e  in  part  the  result  of  changes 
effected  during  the  deformation  of  the  former.     But  while  the  Amini- 
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kean  beds  arc  still  shales,  sandstones,  and  conglomerates  in  some  places, 
profound  changes  during  the  deformation  which  followed  their  depo- 
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Fig.  68.  Fig.  69. 

Fig.  68. — Map  of  a  small  area  in  the  Penokee-Gogebic  region  of  Northern  Michigan,  a 
region  of  important  iron  mines. 

Fig.  69. — Section  along  the  Une  A  6  of  Fig.  68.  Shows  the  relation  of  the  Animikean 
beds  to  the  Archean  in  the  Penokee-Gogebic  region.  -<R,  Archean  granite,  Aun 
(Palms  formation),  Aui  (Iron wood  formation  [iron-bearing]),  and  Aut  (Tyler  slate) 
are  Animikean  formations.  Ak^  Keweenawan  formation.  Length  of  section,  3i 
miles.     (Van  Hise,  21st  Ann.  Rept.,  Pt.  Ill,  U.  S.  Geol.  Surv.) 

sition,  or  subsequent  to  it,  have  aflFected  them  in  others,  converting 
these  common  sorts  of  sedimentary  rock  into  slates,  schists,  etc. 

Distribution. — ^The  Animikean  rocks  are  most  commonly  found 
at  the  surface  either  about  the  borders  of  the  Archean  or  the  Huronian, 
though  isolated  areas  of  them,  not  in  surface  association  with  older 
formations,  are  known  at  a  few  points  (south-central  Wisconsin,  south- 
western Minnesota,  and  southeastern  South  Dakota,  etc.;  Fig.  38). 
Their  exposed  parts  do  not,  as  a  rule,  constitute  large  areas,  but  their 
real  extent  beneath  other  formations  is  doubtless  great.  Their  original 
extent  was  as  great  as  that  of  the  areas  of  sedimentation  during  the 
Animikean  period,  and  their  present  extent  must  be  the  same,  less  the 
area  whence  they  have  been  removed  by  erosion. 

The  following  sections  of  the  Animikean  in  selected  localities  where 
the  series  has  been  studied  in  detail,  give  some  idea  of  its  range: 

Sections  of  the  Animikean. — In  the  Marquette  ^  region,  the  Animikean  (Upper 
Marquette  series)  is  unconformable  on  the  Archean  and  Huronian,  and  is 
divided  into  three  formations:  (1)  the  Ishpeming  at  the  base,  (2)  the  Michi- 
gamme,  and  (3)  the  Clarksburg.  The  Ishpeming  formation  is  chiefly  quartzite, 
with  a  basal  conglomerate,  but  it  also  includes  banded  magnetite-grunerite 
schist.     Its  thickness  is  1550  feet  and  less.     The   Michigamme  formation  was 

*  Van  Hise,  I5th  Ann.  Rept.,  U.  S.  Geol.  Surv.,  and  Van  Hise,  Bayley  and  Smyth, 
Mono.  XXVIII,  U.  S.  Geol.  Surv. 
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originally  composed  of  ferruginous  and  non-ferruginous  muds  and  grits,  now 
altered  into  slates,  graywackes,  schists,  and  gneisses.  The  predominant  rocks  of 
the  Clarksburg  formation  were  volcanic  flows,  tuffs,  ashes,  and  breccias,  now 
represented  by  greenstones.  Interbedded  with  the  greenstones  are  some  gray- 
wacke,  conglomerate,  slate,  etc.  The  formation  does  not  he  above  the  Michi- 
gamme  formation  in  stratigraphic  sequence.  It  grades  bfelow  into  the  Ishpem- 
ing  formation  at  some  points,  and  into  the  Michigamme  at  others;  while  above, 
it  sometimes  grades  into  the  latter.  In  origin,  therefore,  it  was  contempor- 
aneous with  parts  of  the  Michiganmie  formation.  The  aggregate  thickness 
of  the  Upper  Marquette  series  is  not  accurately  known,  but  is  probably  more 
than  5000  feet,  and  perhaps  as  much  as  10,000  feet.  Figs.  70-72  show  the 
relations  of  these  to  older  formations. 


Fig.  70. — Section  showing  the  relations  of  Huronian  and  Animikean,  in  a  portion 
of  the  Marquette  (N  Mich.)  region,  where  eruptive  rocks  exceed  the  sedimentaries. 
H,  Huronian;  A,  Animikean;  Ae,  eruptive  diaba^se.  Length  of  section,  3  miles. 
(Van  Hiae,  Bayley,  Smyth,  U.  S.  Geol.  Surv.) 

The  deformation  and  metamorphism  of  the  Animikean  rocks  of  this  region 
at  the  close  of  this  period  was  great.  They  now  occur  in  a  great  east-west  syn- 
chnorium,  and  the  alterations  of  the  rocks  were  such  as  to  show  that  the  beds 
now  accessible  were  in  the  zone  of  combined  flowage  and  fracture,  and  there* 
fore  far  below  the  surface,  when  they  were  deformed  and  metamorphosed.  In 
spite  of  the  great  changes  which  these  beds  have  suffered,  they  are  less  meta* 
morphic  than  those  of  the  Huronian  system  (Lower  Marquette)  of  the  same 
region. 

In  the  Menominee  region,^  the  Animikecn  (or  Upper  Menominee)  series  includes 
(1)  the  Vulcan  formation  and  (2)  the  Hanbury  slate.  The  former,  with  a  fer- 
ruginous basal  conglomerate,  rests  unconformably  on  older  rocks,  and  is  made 
up  of  quartzites,  ferruginous  quartzose  slates,  jaspilites,  and  iron  ores.  It  has 
a  thickness  of  600  to  700  feet.  The  Hanbury  formation  is  primarily  slaty,  but 
includes  some  iron  ore  and  ferruginous  chert,  and  has  a  thickness  of  perhaps 
2000  to  3000  feet.  The  series  is  closely  folded  and  much  metamorphosed.  The 
distinction  between  it  and  the  Huronian  is  much  less  than  in  the  Marquette 
region.  They  are  separated  mainly  because  of  the  basal  conglomerate  at  the 
bottom  of  the  series. 

The  Animikean  system  is  represented  in  the  Crystal  Falls  district  of  Michigan  * 
by  the  Michigamme  formation,  unconformable  on  the  Huronian.    Slates,  mica 


*  Van  Hise  and  Bayley,  Menominee  folio,  U.  S.  Geol.  Surv. 

*  Van  Hise,  2l8t  Ann.  Rept.,  U.  S.  Geol.  Surv. ;  and  Van  Hise,  and  Clements,  Smyth. 
and  Bayley,  Mono.  XXXVI,  U.  S.  Geol.  Sur\'. 
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schists,  ferruginous  cherts,  actinolite  and  griinerite  schists,  and  iron  ore  are 
included  in  the  formation.  The  sedimentary  beds  are  affected  by  dikes,  the 
rocks  of  which  range  from  acid  to  ultra-basic.  The  thickness  of  the  formation 
is  about  2000  feet. 


-u-j -^1 


Pig.  71. — Map  showing  the  surface  relations  of  Archean,  Huronian,  and  Animikean 
formations  in  a  small  area  in  northern  Michigan.  Aigr,  Archean  granite;  Ala 
( Ajibik quartzite) ,  AU  (Siamo  slate), and  Aln  (Nejgaunee  riron-bearing]  formation)  are 
Huronian  formations.  Aui  (Ishpeming  formation)  and  Aum  (Michigamme  forma- 
tion) are  Animikean  formations.  Aed,  eruptive  diabase  or  diorite.  Length  of 
area,  3  miles.     (Van  Hise,  Bayley,  and  Sm^-th,  U.  S.  Geol.  Surv.) 

In  the  Penokee-Gogebic  region  of  Wisconsin  and  Michigan,*  the  Animikean 
consists  of  (1)  the  Palms  formation  below,  a  quartz  slate  formation,  with  basal 
conglomerate,  resting  unconformably  on  the   Huronian  or  the  Archean,  and 
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Fig.  72.— Section  along  the  line  Ab  of  Fig.  71. 


having  a  thickness  of  300-800  feet;  (2)  the  Ironwood  formation,  consisting  of 
(a)  cherty  iron  carbonate,  (6)  ferruginous  slates  and  cherts,  and  (c)  actinolitic 
and  magnetitic  slates.     The  cherty  iron  carbonate  represents  the  original  con- 

*  Van  Hise,  10th  and  21st  Ann.  Repts.,  U.  S.  Geol.  Surv.;   Irving  and  Van  Hise« 
Mono.  XIX,  U.  S.  Geol.  Surv. 
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dition  of  the  formation,  the  others  being  secondary  phases.  Iron  ore  (iron  oxide) 
is  found  in  the  lower  part  of  the  formation,  usually  just  above  the  Palms  for- 
mation. The  Ironwood  formation  has  a  thickness  of  about  850  feet.  The  upper- 
most formation  of  the  series  is  (3)  the  Tyler  slate,  locally  altered  to  schists 
The  thickness  of  this  formation  exceeds  12,000  feet.  The  structure  of  the  Animi- 
kean  of  this  region  is  monoclinal  (dip  of  60^  to  70**),  but  a  series  of  transverse 
folds  has  been  superposed  on  the  monoclinal  structure. 

In  the  Mesabi  regicm^  the  Animikean  includes  three  formations.    In  ascend- 
ing order  these  are  (1)  the  Pokegama  quart zite,  with  basal  conglomerate,  rest- 


FiG.  72a. — ^Map  showing  (in  black)  the  position  of  the  iron-producing  areas  in  the 
Lake  Superior  region.  1,  Michipicoten  district;  2,  Kamanistquia  and  Matawin 
district;  3,  Steep  Rock  Lake  and  Attikokan  district;  4,  Vermilion  district;  5, 
Mesabi  district;  6,  Penokee — Gogebic  district;  7,  8,  and  9,  Marquette,  Crystal 
Falls,  and  Menominee  districts. 

ing  unconformably  on  Archean  and  Huronian,  0-500  feet  thick;  (2)  the  Biwabik 
(iron-bearing)  formation,  consisting  of  cherts,  with  ferruginous  slates,  quartzites, 
and  iron  ores  (iron  oxides).  The  formation  from  which  these  varieties  of  rock 
were  derived  consisted  largely  of  granules  of  green  ferrous  silicate,  to  which  the 
name  Greenalite  has  been  given.  The  thickness  of  the  Biwabik  formation  may 
range  from  200  to  2000  feet.  Locally  it  is  profoundly  metamorphosed  by  con- 
tact with  the  gabbro  and  granite  of  the  Keweenawan  series.    Above  the  Biwabik 

»Leith.Mono.  XLIII,  U.  S.  Geol.  Surv. 
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formation  is  (3)  the  Virginia  slate,  which  includes,  besides  slate,  shale,  gray- 
wacke,  and  some  limestone.  Its  thickness  has  not  been  determined.  Like  the 
Biwabik  formation,  it  is  locally  metamorphosed  by  igneous  contact.  All  the 
beds  dip  south  and  southeast  at  angles  of  5^  to  20^.  The  dipping  beds  are 
gently  cross  folded,  the  axes  of  the  folds  pitching  south.  The  unconformity 
of  the  series  with  older  rocks  is  shown  by  (1)  basal  conglomerate,  (2)  discord- 
ance of  dip,  (3)  differences  in  amount  of  deformation  and  metamorphism,  (4)  dis- 
tribution, and  (5)  relations  to  intrusive  rocks. 

In  the  Vermilion  region,^  the  Animikean  series  consists  of  two  main  conform- 
able members,  the  Gunflint  formation  below,  and  the  Rove  slate  formation 
above.  The  former  (=-  the  Biwabik  of  the  Mesabi  region)  is  mainly  of  chert 
and  granular  quartzose  bands  with  more  or  less  carbonate,  bands  of  jaspar,  mag- 
netic chert,  and  quartz  with  crystals  of  actinolite,  griinerite,  etc.,  together  with 
more  or  less  iron  carbonate,  magnetite,  hematite,  and  limonite  (not  conmiercially 
valuable).  The  formation  has  been  estimated  to  be  something  like  800  feet  in 
thickness.  The  Rove  slate  formation  (probably = the  Virginia  formation  of  the 
Mesabi  region)  has,  in  addition  to  the  slate,  some  graywacke  and  some  quartzite, 
and  is  locally  metamorphosed  by  igneous  content.  The  system  also  contains 
some  igneous  rock.  Its  thickness  is  undetermined.  The  structure  of  the  system 
is  rather  simple,  being  largely  nionoc.inal. 

Iron  ore  in  the  Lake  Superior  region. 

Production. — ^The  region  about  Lake  Superior  yields  more  iron  ore 
than  any  other  area  of  equal  size  in  the  world.  The  productiveness 
of  the  region  has  nearly  trebled  in  ten  years.  In  1902,  the  aggregate 
production  of  ore  from  that  part  of  this  region  which  lies  within  the 
United  States  was  26,977,404  long  tons.2  This  is  about  76  per  cent, 
of  all  that  was  produced  in  the  United  States  that  year;  of  this,  the 
Mesabi  region  produced  nearly  one-half.  In  19(X),  the  last  year  for  which 
statistics  for  other  countries  are  available,  the  iron  ore  produced  in  the 
Lake  Superior  region  of  the  United  States  was  about  23  per  cent,  of 
the  total  production  for  that  year. 

Geologic  positions. — The  ores  of  this  region  are  partly  in  the  Archean, 
as  in  the  Vermilion  region  of  Minnesota,  partly  in  the  Huronian,  as 
in  the  Marquette  region  of  Michigan,  but  most  largely  m  the  Animikean, 
as  m  the  Menominee  and  Gogebic  regions  of  Michigan  and  Wisconsin, 
in  the  Mesabi  region  of  Minnesota,  and  some  of  those  in  the  Marquette 
region.  The  following  table  gives  the  production  in  tons  for  these  several 
regions  for  the  ten  years  preceding  1902 : 

1  Clements,  Mono.  XLV,  U.  S.  Geol.  Surv. 

'  Mineral  Resources  of  the  United  States  for  1902. 
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Vermilion. . . 
Marquette.  . 
Menominee. 
Gogebic.  . . . 
Mesabi 

Total.  . 


1882 


1,226,220 
2,848,552 
2,402,195 
3,058,176 
29,245 


9,564,388 


1803 


815,735 
2,064,827 
1,563,049 
1,466,815 

684,194 


6,594,620 


1894 


1,055,229 
1,935,379 
1,255,255 
1,523,451 
1,913,234 


7,682,548 


1895 


1,027,103 
1,982,080 
1,794,970 
2,625,475 
2,839,350 


10,268,978 


1896 


1,200,907 
2,418,840 
1,763,235 
2,100,398 
3,082,973 


10,566,359 


1897 

1898 

1899 

1900 

1901 

Vermilion 

Marauette 

1,381,278 
2,673,785 
1,767,220 
2,163,088 
4,220,151 

1,125,538 
2,987,930 
2,275,664 
2,552,205 
4,837,971 

1,643,984 
3,634,596 
3,281,422 
2,725,648 
6,517,305 

1,675,949 
3,945,068 
3,680,738 
3,104,033 
8,158,450 

1,805,996 
3.597.089 

Menominee 

Grogebic 

3,679,408 
3,041,869 

Mesabi 

9.303.541 

Total 

12,205,522 

13,779,308 

17,802,955 

20,564,238 

21,445,903 

Reference  has  already  been  made  on  preceding  pages  (p.  150  and 
p.  176)  to  the  origin  of  the  ores,  and  to  the  literature  (p.  179)  bearing 


Fio    73.  Fio.  74. 

Figs.  73  and  74. — Figures  showing  deformation  and  disruption  as  illustrated  by 
specimens  of  jaspilite  ore  from  Jasper  Bluff,  Ishpeming,  Micli.  (Van  Hise,  Bayley, 
and  Smyth,  Mono.  XXVni,  U.  S.  Geol.  Surv.) 

on  the  subject.    Figs.  73  and  74  illustrate  on  a  large  scale  the  association 
of   iron  ore  and  jaspilite  in  the  Marquette  region,  and  at   the   same 
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time  give  some  idea  of  the  deformation  and  disruption  to  which  the 
Huronian  rocks  have  been  subject. 

The  Keweenawan  system. 

Constitution  and  thickness. — Overlying  the  Animikean  system  im- 
conformably,  there  is,  in  some  parts  of  the  Lake  Superior  region,  a 
third  series  of  pre-Cambrian  rocks,  the  Keweenawan. i  A  map  of 
Keweenaw  Point  (N.  Mich.)  is  shown  in  Fig.  75,  and  a  section  of  the 
Keweenawan  system  in  Fig.  76.  The  maximum  thickness  of  the  system 
has  been  estimated  at  nearly  50,000  feet,  but  it  is  not  impossible  that 
this  estimate  is  an  exaggerated  one.  If  it  be  correct,  the  Keweenawan 
is  the  thickest  body  of  post-Archean  rock  referred  to  any  one  period. 
This  seemingly  incredible  thickness  may  merely  mean  inclined  depo- 
sition, with  subsequent  tilting  and  shearing,  as  explained  on  p.  262, 
and  the  estimate  be  altogether  correct. 

The  lower  and  thicker  portion  of  the  system  is  made  up  chiefly  of 
igneous  rock,  representing  a  succession  of  lava  flows  and  intrusions, 
while  the  upper  part  is  chiefly  sedimentary.  The  earlier  flows  of  lava 
seem  to  have  occurred  on  the  land,  and  to  have  succeeded  one  another 
at  short  intervals,  for  the  surface  of  one  flow  was  not  sensibly  modified 
by  surface  agencies  before  the  next  overspread  it.  In  places,  the  scori- 
aceous  surface  of  a  flow  is  still  preserved  beneath  that  next  succeeding, 
and  serves  to  distinguish  one  lava  flow  from  another.  Later  in  the 
period,  the  intervals  between  the  flows  of  lava  appear  to  have  become 
longer,  and  thin  beds  of  sediment  were  deposited  between  successive 
sheets  of  igneous  rock.  Still  higher  in  the  series,  the  sedimentary 
beds  increase  in  importance,  while  the  thickness  of  the  intercalated 
lava  beds  becomes  less,  until,  in  the  upper  part  of  the  system,  the 
lava  beds  fail  altogether,  and  there  follows  a  succession  of  sandstones 
and  conglomerates  having  an  estimated  maximum  thickness  of  some- 
thing like  15,000  feet. 

The  igneous  rocks  of  the  system  consist  principally  of  gabbros,  dia- 
bases, and  porphyries,  but  other  varieties  are  also  present,  and  the  range 
is  greater  in  the  upper  part  of  the  igneous  division  than  in  the  lower. 

The  sedimentary  rocks  associated  with  the  igneous  and  lying  above 

*  A  general  account  of  this  series  is  given  in  Vol.  I,  Geology  of  Wisconsin,  1881; 
see  also  other  Wisconsin  and  Michigan  reports,  and  Mono.  V,  U.  S.  Geol.  Surv. 
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them  were  largely  derived  from  the  igneous  rock  itself.  Their  character 
is  such  as  to  indicate  that  they  accumulated  rapidly.  In  spite  of  its 
enormous  thickness,  therefore,  it  is  not  clear  that  this  system  of  rocks 
occupied  more  time  in  its  formation  than  either  of  those  which  had 
preceded,  and  perhaps  not  as  much. 

In  the  valley  of  the  St.  Croix  river,  in  northwestern  Wisconsin  and 
the  adjacent  parts  of  Minnesota,  there  are  said  to  be  65  lava  flows  and 
6  conglomerate  beds  in  succession,  with  neither  top  nor  bottom  exposed.^ 
The  aggregate  thickness  of  the  exposed  part  of  the  system  in  this 
locaUty  has  been  estimated  at  20,000  feet. 

Some  of  the  igneous  rocks,  such  as  the  gabbros  of  the  VermiUon^ 
and  Mesabi^  regions,  are  intrusive  (laccolithic),  while  others,  as  in 
the  St.  Croix  valley,  represent  fissure  eruptions.  The  laccolithic  gab- 
bros and  granites  of  the  Mesabi  region  have  occasioned  extensive  meta- 
morphism  in  the  rocks  into  which  they  were  intruded.  The  gabbros 
(Duluth)  of  the  Vermilion  region  contain  masses  of  titaniferous  mag- 
netite, believed  to  have  arisen  from  segregation  in  the  original  magma. 
The  magnetite  is  not  of  commercial  value.  Tikes  and  other  intrusions 
of  acid  igneous  rocks  affect  the  more  basic  portions,  and  are  of  common 
occurrence. 

Deformatiye  movements. — ^The  sedimentary  part  of  the  Keweena- 
wan  series  has  usually  been  thought  to  imply  marine  submergence, 
but  the  sediments  may  have  been  accumulated  in  an  interior  basin  and 
may  be  more  or  less  subaerial.  If  they  are  marine,  their  great  thick- 
ness and  their  derivation  mainly  from  the  lavas  of  the  series  itself 
seem  to  imply  crustal  warping  throughout  the  period  to  renew  the 
erosion  fields  and  furnish  the  necessary  sites  for  their  lodgment.  If 
they  are  merely  lodgment  deposits  on  the  low  lava  slopes  of  the  basin, 
little  movement  need  be  assumed  during  their  deposition,  and  the 
subsequent  deformation  need  only  have  been  simple  and  relatively 
mild,  while  the  thickness  is  not  incredible  (see  p.  260).  Under  either 
view  it  was  probably  during  and  at  the  close  of  this  period  that  the 
Lake  Superior  syncline  (Fig.  77)  was  formed,  in  part  at  least,  and 
the  Keweenawan  rocks  tilted  toward  its  axis,  both  from  the  north 
and  south.    It  is  not  to  be  understood  that  this  syncline  has  remained 

»  Hall,  Bull.  Geol.  Soc.  Am.,  Vol.  XII,  pp.  313-340. 
'  aements,  Mono.  XLV,  U.  S.  Geol.  Surv. 
■  Leith,  Mono.  XLIII,  U.  S.  Geol.  Surv. 
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196  GEOLOGY, 

a  surface  depression  since  this  time.  On  the  contrary,  it  was  sub- 
sequently filled  with  sedimentary  beds,  and  the  depression  occupied 
by  the  present  lake  is  the  result  of  subsequent  excavation,  and  is  of 
relatively  recent  origin.  The  deep  bowing  of  the  series  explains,  in 
part,  the  distribution  of  the  exposed  portions  of  the  Keweenawan 
system,  which  comes  to  the  surface  chiefly  about  the  Lake  Superior 
syncline  (Fig.  77).  As  originally  laid  down,  the  system  fell  far  short 
of  covering  all  of  the  Animikean,  and  its  distribution,  compared  with 
that  of  the  preceding  systems,  seems  to  indicate  that  the  land  areas 
of  the  northern  interior  were  more  extensive  in  the  Keweenawan  period 
than  during  either  of  the  periods  preceding. 

After  the  accumulation  of  the  enormous  thicknesses  of  Keweenawan 
sediments,  the  region  about  Lake  Superior  suffered  deformation,  appar- 
ently in  conmion  with  other  parts  of  the  continent,  and  this  event  is 
regarded  as  marking  the  end,  or  the  beginning  of  the  end,  of  the  Pro- 
terozoic  era  in  this  region. 

As  a  result  of  the  deformation  at  the  close  of  the  Keweenawan, 
some  parts  of  the  area  where  Keweenawan  sediments  had  been  deposited 
were  brought  into  such  an  attitude  as  to  be  subject  to  erosion,  but  this 
change  did  not  cause  great  deformation  of  the  strata.  They  are  gener- 
ally tilted,  and  locally,  folded  and  faulted  as  well  (Figs.  78  and  79), 
though  this  is  not  the  rule.  In  keeping  with  their  structure,  the  rocks 
are  not  metamorphic.  The  sandstones,  graywackes,  and  conglomerates 
are  sandstones,  graywackes,  and  conglomerates  still.  The  igneous 
rock  of  the  series  likewise  remains,  for  the  most  part,  in  its  massive 
state,  not  ha\ing  been  made  schistose  after  the  fashion  of  the  igneous 
rocks  intruded  into  the  Huronian,  and  to  a  lesser  extent  into  the 
Animikean  system. 

After  the  warping  which  followed  the  deposition  of  the  Kewee- 
nawan formation,  the  exposed  surfaces  of  Keweenawan,  Animikeaji, 
Huronian,  and  Archean  rocks  suffered  protracted  erosion.  Ultimately 
the  land  about  Lake  Superior  again  sank,  and  when  the  sea  came 
back,  a  new  series  of  sedimentary  beds  was  deposited  unconforma- 
bly  on  the  eroded  surface  of  those  which  had  preceded.  When  the 
sea  came  back,  its  waters  teemed  with  life,  for  the  formation  then 
deposited  contains  abundant  fossils.  This  abundantly  fossiliferous 
formation,  resting  unconformably  on  those  which  had  preceded,  is 
cla.sscd  with  the  Cambrian  system,  the  oldest  system  of  the  Paleozoic 
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198  GEOLOGY, 

era.  It  is  because  of  the  difference  in  the  rocks,  faunally  considered, 
below  and  above  the  post-Keweenawan-pre-Cambrian  unconformity, 
as  much  as  because  of  the  greatness  of  the  physical  changes  attending 
it,  that  the  close  of  the  Keweenawan  is  taken  to  mark  the  end  of  an 
era,  rather  than  simply  the  end  of  a  period. 

Copper. — ^The  Keweenawan  system  contains  the  most  extensive 
deposits  of  native  copper  known.  The  metal  occurs  in  the  pores  and 
cracks  of  the  igneous  rock,  but  more  abimdantly  in  the  interstices 
between  the  pebbles  and  grains  of  some  parts  of  the  sedimentary  beds. 
In  the  conglomerate  at  some  of  the  richer  mines,  the  copper  is  so  abim- 
dant  as  to  be  one  of  the  important  cementing  materials  of  the  rock. 
In  its  present  form,  it  is  believed  to  be  a  precipitate  from  aqueous 
solution,  and  to  have  been  concentrated  in  its  present  position  by 
ground  water.  The  original  source  of  the  metal  was  probably  the 
igneous  rock  itself.     The  date  of  concentration  is  undetermined.^ 

In  1875  the  Keweenawan  formation  of  northern  Michigan  yielded 
16,089  tons  of  copper,  or  about  90  per  cent,  of  all  that  was  produced 
in  the  United  States.  In  1901,  the  same  area  yielded  76,165  tons. 
This  was  about  26  per  cent,  of  the  copper  produced  in  the  country 
that  year.2 

General  Considerations  Concerning  the   Lake  Superior 

Proterozoic. 

Duration  of  time. — ^It  is  difficult  adequately  to  conceive  of  the 
enormous  lapse  of  time  involved  in  the  accumulation  of  such  great 
thicknesses  of  rock  as  have  been  referred  to  in  the  preceding  pages.  If 
none  of  the  estimates  are  exaggerated,  there  is  an  aggregate  of  more 
than  30,000  feet  of  sedimentary  rocks  in  the  Proterozoic  systems. 
The  accumulation  of  such  thicknesses  of  sediment  would  in  itself  mean 
a  vast  lapse  of  time,  and  when  it  is  remembered  that  the  three  systems 
are  separated  from  one  another  by  unconformities,  each  of  which 
may  represent  a  time  interval  as  long  as  that  involved  in  the  accumula- 
tion of  a  system,  and  that  at  least  some  part  of  the  time  during  which 
the  unconformities  below  the  Huronian  and  above  the  Keweenawan 
were  developed  is  to  be  assigned  to  the  Proterozoic,  it  will  be  readily 

*  For  discussions  concerning  the  copper,  see  Pumpelly,  Geol.  Surv.  of  Mich.,  Vol.  I, 
1869-73,  pp.  19-46;  Irving  and  Van  Hise,  Mono.  V,  U.  S.  Geol.  Surv.,  and  Chamberlin, 
Vol.  I,  Geology  of  Wisconsin. 

»  Mineral  Statistics  for  1902,  U.  S.  Geol.  Surv. 
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seen  that  the  duration  of  the  Proterozoic  era  was  exceedingly  great.  If 
length  of  time  may  be  estimated  from  thicknesses  of  sedimentary  beds, 
the  duration  of  the  era  is  comparable  to  all  succeeding  time.^  It  is  at 
present  impossible  to  state  the  length  of  geological  periods  in  nimier- 
ical  terms,  but  it  would  appear  that  the  duration  of  the  Proterozoic 
era  should  be  spoken  of  in  terms  of  millions  or  tens  of  millions  of  years, 
rather  than  in  terms  of  a  lesser  denomination. 

The  sources  of  the  sediments. — It  should  also  be  noted  that  these 
extraordinarily  thick  beds  of  sediment  mean  the  destruction  of  a  still 
larger  amount  of  some  older  rock.  The  volume  of  rock  destroyed 
must  have  exceeded  the  fragmental  product  deposited  by  the  amount 
of  mineral  matter  which  remained  in  solution  in  the  sea  at  the  close 
of  the  period,  together  with  such  amount  as  had  been  carried  down  by 
ground  water  to  levels  below  the  surface,  and  there  deposited. 

It  is  important  to  note  further  that  a  large  portion  of  the  sedi- 
ments was  produced  by  mature  decomposition  of  older  rocks,  and 
this  implies  that  they  were  not  derived  by  rapid  mechanical  abrasion 
such  as  that  which  accompanies  and  follows  great  elevation  and  exces- 
sive precipitation.  The  great  series  of  quartzites  were  derived  from 
the  complete  decomposition  of  quartz-bearing  rocks,  and  involved 
the  almost  complete  separation  of  the  quartz  grains  from  other  con- 
stituents, while  the  thick  beds  of  shale  arose  from  the  complementary 
clayey  products  of  decomposition,  from  which  most  of  the  basic  oxides 
had  been  removed  by  carbonation.  It  is  scarcely  too  much  to  say 
that  the  materials  of  the  larger  part  of  these  great  series  first  became 
soils  on  the  surface  of  the  parent  areas,  and  were  only  removed  at 
a  rate  that  permitted  the  renewal  of  the  soil  beneath  as  fast  as  it  was 
washed  away  above.  This  mode  of  derivation  is  perhaps  the  most 
important  distinction  between  the  Proterozoic  series,  as  a  whole,  and 
the  Archean. 

The  sediments  involved  in  the  Huronian  formations  were  derived 
from  the  Archean;  those  involved  in  the  Animikean,  from  the  Archean 
and  Huronian.  It  follows  that  the  Animikean  system  had  its  ultimate 
origin  in  the  Archean,  except  in  so  far  as  it  was  derived  from  igneous 
rock  intruded  into  the  Huronian  during  or  after  the  formation  of  that 
system.  If  the  Archean  lands  in  the  vicinity  of  Lake  Superior  were 
high  enough  at  any  one  time  to  give  origin  to  the  thick  sediments 
»Van  Hise,  Bull.  86,  U.  S.  Geol.  Surv.,  p.  491. 
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involved  in  the  Huronian  and  Animikean  systems,  their  heights  would 
perhaps  have  surpassed  any  elevation  now  existing  on  the  surface  of 
the  earth.  It  is  not  probable,  however,  that  such  enormous  elevations 
existed  at  any  time.  It  is  more  probable  that  as  erosion  proceeded, 
the  land  itself  reacted  by  rising  slowly,  or  that  further  arching  took 
place,  or  that  the  sea  bottom  sank,  drawing  off  the  waters  and  leaving 
the  land  relatively  higher.  In  this  way,  degradation  and  elevation 
may  have  been  in  progress  at  the  same  time,  and  the  one  process  may 
never  have  got  far  ahead  of  the  other.  It  is  even  believed  by  many 
geologists  that  the  removal  of  sediments  in  large  quantities  from  the 
land  would  allow  it  to  rise,  and  that  their  deposition  on  the  sea  bot- 
tom would  cause  that  to  sink.  This  doctrine  is  known  as  isostasj^. 
Succession  of  events. — ^Reviewing  the  succession  of  events  in  the 
Lake  Superior  region,  we  find  (1)  that  the  land  was  high  enough  after 
the  Archean  rocks  came  into  position  for  its  surface  to  suffer  erosion, 
and  that  the  period  of  erosion  was  long,  but  that  the  sites  of  the  earliest 
sedimentation  are  unknown.  (2)  The  Archean  land  then  sank  or 
was  so  eroded  or  deformed  as  to  permit  the  deposition  of  the  Lower 
Huronian  (p.  161)  sediments  on  portions  of  its  eroded  surface.  (3) 
The  area  of  the  former  Archean  land,  together  with  the  Lower  Huronian 
beds  about  it,  was  again  brought  into  such  an  attitude,  presumably 
by  crustal  warping,  that  it  was  subject  to  a  long  period  of  erosion,  with 
contemporaneous  sedimentation  elsewhere.  During  the  time  of  the 
deformation,  the  rocks  involved  were  metamorphosed.  (4)  Again  the 
land  seems  to  have  sunk,  allowing  the  sea  (or  at  any  rate,  conditions 
for  deposition)  to  cover  a  large  part  of  the  territory  which  had  been 
above  sea  level,  and  to  deposit  upon  its  eroded  surface  the  sediments  of 
the  Middle  Huronian  system.  (5)  After  this  period  of  sedimentation, 
the  land  seems  to  have  emerged,  exposing  the  landward  border  of 
the  Middle  Huronian  system,  and  all  the  older  rocks  not  covered  by  it, 
to  erosion.  (6)  Submergence  of  the  eroded  surface  of  the  Middle 
Huronian  was  followed  by  the  deposition  of  the  Animikean  system. 
(7)  This  newly  deposited  system  then  emerged  over  great  areas,  and 
was  exposed  to  erosion.  This  emergence  was  accompanied  by  some 
deformation  and  metamorphism.  At  various  stages  in  the  progress 
of  those  changes  there  were  intrusions  and  extrusions  of  lava,  on  such 
a  scale  that  the  aggregate  amount  of  igneous  rock  associated  with 
the  sedimentary  is  very  great.      The  igneous  activity  also  aided   in 
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the  metamorphism  of  the  sedimentary  portions  of  the  Huronian  and 
Animikean  systems.  (8)  After  erosion  of  the  emei^ed  Animikean 
system  had  gone  on  for  a  long  period  of  time,  flows  of  lava  of  unprec- 
edented magnitude  were  poured  out  upon  the  surface  of  the  land 
over  considerable  areas  and  intruded  into  the  existing  terranes.  (9) 
Before  the  outflows  ceased,  sedimentation  began  again  in  the  region 
and  soon  predommated.  Even  this  long  category  of  physical  events 
is  somewhat  inadequate,  since  there  are  local  unconformities  at  various 
points,  representing  minor  disturbances  of  undetermined  extent,  and 
many  minor  changes  are  probably  unrecorded,  or  their  records  unrecog- 
nized. 

It  will  be  seen  that  oscillations  of  level  were  one  of  the  marked 
characteristics  of  the  Lake  Superior  region  during  the  Proterozoic 
era.  It  will  be  seen  in  the  sequel  that  this  is  a  characteristic  confined 
neither  to  this  period  nor  'to  this  region.  All  geological  history  indi- 
cates that  changes  of  the  relations  of  sea  and  land  are  among  the  nota- 
ble events  of  the  earth's  history,  from  the  beginning  even  to  the  present 
time.  Smce  many  other  changes  are  dependent  on  them,  they  are 
thought  to  furnish  the  best  basis  for  the  subdivisions  of  earth  history. 

It  is  not  now  possible  to  determine,  even  approximately,  either  the 
areal  or  the  vertical  extent  of  the  crustal  oscillations  which  took  place 
during  the  Proterozoic  era,  but  the  extent  of  the  area  in  North  America 
which  became  land  at  the  close  of  the  Keweenawan — that  is,  at  the 
close  of  the  Proterozoic — ^has  been  estimated  with  sufficient  accuracy 
to  make  its  cartographic  representation  instructive  (Fig.  90). 

Metamorphism. — It  has  been  pointed  out  that  the  Huronian  rocks 
are,  on  the  whole,  more  highly  metamorphosed  than  the  Animikean, 
while  the  Keweenawan  formations  are  metamorphosed  scarcely  at  all. 
On  the  other  hand,  the  Animikean  beds  are  locally  as  highly  metamor- 
phic  as  the  Huronian,  indicating  intense  dynamic  action,  at  least  locally, 
after  the  deposition  of  the  second  great  system.  Since  different  sorts 
of  rock  behave  differently  imder  dynamic  action,  it  follows  that  some 
beds  are  much  more  highly  metamorphic  than  others  associated  with 
them,  even  though  subjected  to  the  same  forces.  Independent  of 
differences  due  to  variations  in  the  character  of  the  rock,  metamorphism 
has  usually  been  intense  about  massive  intrusions  of  igneous  rock. 

There  is  scarcely  a  phase  of  metamorphism  which  the  Proterozoic 
rocks  do  not  show.  The  schists,  slates,  and  gneisses  are  especially 
the  product  of  dynamic  metamorphism;  the  quartzites  are  the  products 
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of  extreme  consolidation  by  cementation;  the  iron  ore  is  the  product 
of  metasomatism,  effected  by  groimd  waters;  while  other  phases  of 
metamorphism  are  due  to  the  heat  of  intruded  rock.  It  is  not  to  be 
unders^^ood  that  the  metamorphism  of  any  considerable  body  of  rock 
is  effected  by  any  one  process  alone.  Dynamic  action,  which  seems 
on  the  whole  the  most  important  force  in  metamorphism^  always  gener- 
ates heat,  and  high  temperature,  especially  in  the  presence  of  water, 
facilitates  change.  So,  too,  in  the  case  of  igneous  intrusions,  there 
is  often  great  dynamic  action  as  well  as  great  heat,  and  water,  the 
agent  of  chemical  change,  is  always  present. 

Sequence  of  events  elsewhere.— A  consonant  but  not  necessarily 
identical  series  of  events  was  probably  in  progress  about  every  other 
Archean  area  in  North  America,  and  in  the  world,  during  the  Protero- 
zoic  era;  but  it  does  not  follow  that  about  every  other  Archean  land 
area  three  great  systems  of  rocks  were  laid  down  during  this  long  era. 
About  some  such  areas  there  may  well  have  been  two  instead  of  three 
systems  of  Proterozoic  rocks,  while  about  others,  continuous  sedimen- 
tation may  have  been  in  progress  from  the  beginning  of  the  Huronian 
period  to  the  end  of  the  Keweenawan.  Each  Archean  land  area,  espe- 
cially if  distant  from  others,  may  have  had  an  independent  history, 
though  the  great  deformative  movements  were  probably  general.  It 
is  probable  therefore  that  adjacent  Archean  areas  were  affected  by 
the  same  sequence  of  events,  though  not  necessarily  to  the  same  extent. 
The  greater  the  separation  of  regions,  the  less  closely  are  their  histories 
likely  to  correspond. 

Proterozoic  Rocks  in  Other  Regions. 

Pre-Cambrian  sedimentary  formations  occur  in  many  other  parts 
of  North  America^  in  relations  to  the  Archean  similar  to  those  already 
described.  On  the  whole,  it  may  be  said  that  they  resemble  the  rocks 
of  the  Proterozoic  systems  about  Lake  Superior  as  closely  as  could 
be  expected  under  the  general  principles  already  enunciated.  In  many 
cases  they  appear  in  surface  association  with  the  Archean,  but  in  some 
cases  no  such  relation  exists. 

There  are  several  ways  in  which  the  areas  of  exposed  Proterozoic 

*  For  references,  see  foot-notes,  pp.  204  to  215. 
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rock,  not  in  surface  association  with  the  Archean,  may  have  arisen. 
(1)  If  after  the  deposition  of  the  Proterozoic  systems  the  strata 
were  folded,  certain  portions  might  have  been  brought  above  sea  level, 
constituting  land.  If  such  areas  were  never  buried,  the  present  ex- 
posure of  the  Proterozoic  rocks  would  be  explained.  (2)  Again, 
during  the  long  period  of  erosion  which  succeeded  the  uplift  following 
the  time  of  Proterozoic  sedimentation,  the  surface  may  have  had  its 
topography  greatly  changed.  If  it  were  brought  to  the  condition  of 
a  peneplain  with  pronounced  monadnocks  standing  upon  it,  as  in 
south-central  Wisconsin,  later  sedimentation,  accomplished  during  a 
subsequent  period  of  submergence,  may  have  failed  to  bury  these 
elevations.  Isolated  outcrops  of  Proterozoic  might  represent  such 
unreduced  areas.  (3)  Or,  still  again,  if  the  monadnocks  were  buried, 
erosion  may  have  since  removed  the  beds  which  were  deposited  over 
them.  (4)  Uplift  and  erosion  of  any  surface  beneath  which  the  Algon- 
kian  rocks  lay,  would  have  exposed  them  without  exj)osing  the  Archean, 
if  erosion  were  sufficiently  deep  to  remove  all  overlying  beds,  and  not 
80  deep  as  to  reach  the  Archean  below. 

The  following  general  statements  concerning  the  Proterozoic  of 
diflFerent  localities  give  some  idea  of  its  extent  and  relations: 

North  of  Lake  Huron.— The  Proterozoic  formations  of  this  region  have  already 
been  referred  to  (p.  181).  The  Keweenawan  series  does  not  seem  to  be  repre- 
sented, though  it  appears  but  a  short  distance  to  the  west;  but  its  absence  vio- 
lates no  principles  which  have  been  enunciated.  If  lava  here  failed  of  extrusion, 
and  if  the  region  was  not  in  the  attitude  necessary  for  sedimentation  during  the 
Keweenawan  period,  the  corresponding  system  of  rocks  should  be  absent.  The 
strata  of  this  area  are  much  less  folded  and  metamorphosed  than  the  correspond- 
ing formations  in  many  parts  of  the  Lake  Superior  region,  showing  that  dynamic 
action  was  not  equally  severe  in  different  regions,  and  that  the  degree  of  metamor- 
phism  is  not  a  safe  criterion  by  which  to  determine  age. 

The  great  northern  area. — In  the  extensive  area  north  of  the  Great  Lakes, 
Proterozoic  rocks  are  known  to  have  wide  distribution,  and  to  be  associated  with 
«till  larger  areas  of  Archean.  The  former  often  occupy  belts  (troughs)  in  the 
latter  (see  Fig.  65)  and  their  sejwiration  is  often  a  matter  of  difficulty.  At  some 
points  about  Hudson  bay,  there  appear  to  be  three  systems  of  rocks  between  the 
Archean  and  Cambrian,  though  it  cannot  be  asserted  that  these  systems  cor- 
respond with  those  farther  south,  and  the  corresponding  names  are  not  commonly 
applied  to  them.  The  several  series  appear  to  be  separated  from  one  another 
by  unconformities,  and  the  lowest  series  is  believed  to  be  unconformable  on 
the  Archean. 
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The  eastern  provinces  of  Canada. — At  various  points  in  eastern  Ontario,  in 
the  province  of  Quebec,  in  New  Brunswick,  Nova  Scotia,  and  Newfoundland, 
the  Proterozoic  systems  of  rocks  are  represented.  In  the  eastern  townships  of 
Canada,  there  appear  to  be  three  series  of  pre-Cambrian  rocks,  some  of  which  are 
certainly  Proterozoic.  Their  relations,  however,  have  not  been  fully  determined. 
Proterozoic  rocks  occur  in  New  Brunswick,  and  in  the  southern  part  of  this  prov- 
ince there  appear  to  be  at  least  two  unconformable  series  of  them.  In  Xova 
Scotia,  the  Proterozoic  sjrstem  seems  to  be  represented  by  about  15,000  feet  of 
sedimentary  rocks.  In  Newfoundland  there  is  a  pre-Cambrian  sedimentary 
series  about  10,000  feet  in  thickness  which  is  probably  Proterozoic.  In  most 
of  this  eastern  region,  the  work  has  not  been  sufficiently  detailed  to  establish 
definitely  the  relations  of  the  Proterozoic  and  the  Archean,  or  even  to  demon- 
strate the  presence  of  the  latter.  In  some  places  the  Proterozoic  formations 
are  highly  metamorphic,  and  in  others  they  have  suffered  little  change  since 
induration. 

The  original  Laurentian  area. — In  the  area  where  the  name  Laurentian  was 
first  applied,  the  area  north  of  the  Ottawa  and  St.  Lawrence  Rivers  between 
the  cities  of  Montreal  and  Ottawa,  there  is  a  series  (the  Grenville  series)  of  highly 
metamorphic  rocks,  formerly  known  as  the  Upper  Laiu^ntian.  The  rocks  of  the 
series  have  been  so  profoundly  metamorphosed  that  all  traces  of  their  original 
structure  are  lost,  but  their  composition  and  general  relations  leave  little  doubt 
that  they  orginally  consisted  of  sedimentary  beds  and  igneous  rocks.*  Their 
age  is  not  established,  but  they  are  tentatively  referred  to  the  early  Proterozoia 
Nowhere  does  a  series  of  rocks  better  illustrate  the  effect  of  dynamic  metamor- 
phism.  Not  only  were  the  rocks  closely  folded  and  subjected  to  all  the  changes 
which  accompany  close  folding,  but  along  certain  planes  they  were  crushed  to 
fragments,  and  by  movements  along  these  planes  the  resistant  fragments  were 
rounded  so  as  to  resemble  pebbles.  Thus  arose  layers  resembling  conglomerates. 
On  re-cementation,  such  rocks  are  called  aiUoclastic.  In  many  cases  the  pebbles 
were  subsequently  flattened  by  the  intense  pressure  to  which  they  were  sub- 
jected. The  Proterozoic  of  this  district,  so  far  as  known,  consists  of  but  one  series, 
on  which  the  Cambrian  rests  un conformably. 

In  the  Hastings  district,  southwest  of  Ottawa,  there  is  a  Proterozoic  series 
similar  to  that  of  the  original  Laurentian  area,  except  that  the  rocks  are  less 
highly  metamorphic.    They  overlie  the  Archean  unconfbrmably. 

The  rocks  of  Canada  here  classed  as  Proterozoic  are  known  in  dif- 
ferent regions  by  clifTerent  names.  To  them  the  terms  Cambrian, 
Huronian,  Grenville,  and  Upper  Laurentian  have  been  applied  at  one 
time  and  another  in  different  parts  of  the  Dominion.  From  this  region 
it  has  often  been  reported  that  they  are  conformal)le  on  the  Archean, 
instead  of  unconformable;    but  where  detailed  work  has  been  carried 

»  Adams,  Am.  Jour.  Sci.,  Vol.  L,  1895,  pp.  58-69;  and  Vol.  Ill,  1897,  pp.  173-180; 
also  Trans.  Roy.  See  Canada,  ir.99  Lnd  1901. 
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on  by  the  more  refined  methods  of  the  present  time,  an  unconformit)' 
has  generally  been  found.  The  unconformity  is  evident  wherever  the 
overlying  system  is  not  highly  metamorphosed;  but  where  the  strata 
have  been  much  folded  and  subjected  to  the  changes  which  profound 
dynamic  action  always  brings  in  its  train,  they  have  sometimes  be- 
come so  thoroughly  crystalline  and  so  complex  in  structure  that  they 
are  not  easily  differentiated  from  the  Archean  in  the  limited  exposures 
which  are  open  to  observation.  The  fact  that  the  Archean  was  affected 
by  the  same  dynamic  action  which  metamorphosed  the  Proterozoic 
rocks  tends  to  give  the  two  systems  uniformity  of  structure  where 
both  have  been  profoundly  altered. 

The  Adirondack  region.^ — Rocks  believed  to  be  of  Proterozoic  age  make  up 
the  larger  part  of  the  Adirondack  mountain  mass.  These  roclcs  belong  to  two 
groups:  (1)  The  central  mass  of  the  mountains,  made  up  of  a  complex  of  igne- 
ous rocks  which  were  intruded  into  (2)  a  series  of  pre-Cambrian  meta-sedi- 
mentary  rocks.  The  igneous  rocks  sometimes  contain  bodies  of  clastic  rock. 
The  igneous  rocks  are  of  various  types  (granite,  syenite,  anorthosite),  and  are 
massive  in  some  places  and  much  foliated  in  others.  The  clastic  series  into  which 
the  igneous  rocks  were  intruded  surround  and  lap  up  about  the  base  of  the  igne- 
ous mass.  They  include  crystalline  limestone,  and  quartzose,  sillimanitic  and 
graphitic  gneisses,  together  with  some  gneisses  believed  to  be  meta-igneous. 
The  limestone  (marble)  associated  with  the  gneisses  is  often  massive,  a  structure 
which  suggests  either  that  it  was  completely  crystallized  under  static  conditions 
subsequent  to  the  dynamic  action  which  effected  the  metamorphism  of  the  other 
sorts  of  sedimentary  rock,'  or  that  it  behaved  very  differently  from  the  other 
sorts  of  rock  when  metamorphism  was  in  progress.  The  metamorphism  of  the 
clastic  series  was  probably  largely  effected  at  the  time  of  the  intrusion  of  the 
igneous  rocks.  The  meta-sedimentary  rocks  are  thought  to  be  the  equivalent 
of  the  Grenville  series  of  Ontario.  The  floor  on  which  these  sedimentary  rocks 
were  laid  down  has  not  been  discovered. 

Isolated  areas  in  the  Mississippi  basin. — Proterozoic  rocks  come  to  the  sur- 
face in  isolated  areas  at  several  points  in  the  basin  of  the  Mississippi  east  of  the 
Rocky  moimtains  (Fig.  38).  There  are  some  small  areas  of  Animikean  (?)  quartz- 
ite  in  south-central  Wisconsin  (the  Baraboo  quart zite)/  and  in  the  southeastern 
comer  of  South  Dakota  *  and  adjacent  parts  of  Minnesota  and  Iowa  (the  Sioux 
quartzite)  (Fig.  80).    In  the  former  place  the  quartzite  has  no  association  ^nth 

1  C'ushin^.  54th  Ann.  Rept.  N.  Y.  State  Museum,  Vol.  I,  pp.  258-282;  and  Kemp, 
13th  Ann.  Rept.  N.  Y.  State  Geologist,  1893,  pp.  444,  445. 

'Van  Hise,  Principles  of  Pre-Cambrian  Geology,  16th  Ann.  Rept.,  U.  S.  Geol. 
Surv.,  p.  771. 

» Irving,  Geol.  of  Wis.,  Vol.  II,  pp.  504-519.  This  may  be  the  Middle  Huronian 
of  p.  161.     Weidman,  Bull.  XIII,  Wis.  Geol.  Surv.  1904. 

^  Todd  and  Hall,  Alexandria  (S.  D.)  folio,  U.  S.  Geol.  Surv. 
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Archean,  so  far  as  surface  exposures  show,  and  in  the  latter  but  little.  In  both 
localities  there  is  igneous  rock  associated  with  the  sedimentary.  Locally  the 
quartzite  has  been  metamorphosed  by  dynamic  action  into  quartz  schist  *  (Fig. 
81).  In  these  places,  and  especially  in  Wisconsin,  the  superior  hardness  of  the 
quartzite,  as  compared  with  the  surrounding  Cambrian  sandstone,  has  led  to  the 
development  of  striking  topographic  features.  Post-Cambrian  erosion,  by  re-^ 
moving  the  later  formations,  has  again  exposed  the  pre-Cambrian  monadnocks 
of  Baraboo  quartzite,  much  as  they  were  before  being  buried  beneath  the  later 
sediments. 


Fig.  80. — ^The  Palisades,  Minnehaha  County,  S.  D.     Sioux  quartzite.     fPhoto.  by  Bain 

la.  Geol.  Surv.) 

Rocks  of  probable  Proterozoic  age  are  also  known  in  the  Black  Hills  of  South 
Dakota,'  making  the  core  of  the  mountains,  and  occupying  an  area  about  GO 
miles  long  by  20  broad.  They  consist  of  closely  folded  meta-sedimentary  rocks, 
such  as  mica  slates,  quartzites,  schist-conglomerates,  ferruginous  chert,  mica 
schists  and  gneisses,  and  intrusive  masses  of  granite  and  basic  rocks.  From  the 
granite  batholiths,  the  largest  of  which  is  eight  or  ten  miles  long  and  nearly  as 
broad,  numerous  dikes  jxjnctrate  the  clastic  beds.    The  latter  afford  good  illus- 

»  Van  Hise,  Jour,  of  Geol.,  Vol.  I,  pp.  347-355. 

'In  addition  to  general  references,  see  Jaggar,  21st  Ann.  Kept.,  Pt.  Ill,  U.  S. 
Geol.  Surv. 
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Fi-i.  81.  —Fracture  cleavace  developed  by  pressure  shown  in  the  left  half  of  the  figure, 
while  it  is  wanting  in  the  right  half.  The  vertical  line  is  a  bedding  f  lane.  '1  he  layer 
to  the  left  was  of  sufficiently  different  composition,  or  subject  to  sufficiently  different 
movement,  to  develop  fissility,  while  that  to  the  right  was  broken  (brecciated) 
instead.  The  rock  at  the  left  would  be  called  quartz  schist,  while  that  at  the  right  is 
quartzite.     Animikean  formation  near  Ableman,  \\  is.     (Atwood.) 
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trations  of  the  metamorphosing  effects  of  igneous  intrusions.    The  metamor- 
phism  is  not  contact  metamorphism  in  the  ordinary  sense,  but  seems  rather  to 
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Fig.  82. — ^A  section  through  Crow  peak  in  the  Black  Hills  region,  showing  the  Black 
Hills  tyi>e  of  structure,  pr,  igneous  rock  (porphyry);  €7,  Cambrian;  5,  Silurian 
(Ordovician) ;  CI  and  Cm,  Carboniferous  formations;  Fm^  Permian.  Length  of 
section,  li  miles.     (Jaggar,  U.  S.  Geol.  Surv.) 

combine  cementation,  injection,  metasomatism,  and  mashing.*    The  date  of  the 
intrusions  is  not  known.    Figs.  82  and  83  are  sections  of  laccolithic  hills  in  the 
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porphyry;  €,  Cambrian; 


Fig.  83. — Map  of  the  re^on  shown  in  section  in  Fig.  82.     pr.       _    .   _  , 

»Sf,  Silurian  (Ordovician);    CI  and  Cm,  Carii^oniferous  lo'nnatibns;    P,  Permian* 
Tt,  Triassic.    (Jaggar,  U.  S.  Geol.  Surv.) 

Black  Hills  region.     They  illustrate  in  a  small  way  the  structure  of  the  Black 
Hills.     Fig.  83  is  a  map  of  the  area  of  which  Fig.  82  is  a  section. 

»  Van  Hise,  16th  Ann.  Kept.  U.  S.  Geol.  Surv.,  Pt.  I,  p  814. 
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Though  Archean  rocks  have  not  been  identified  in  association  with  the  Protero- 
zoic  system  of  this  region,  it  does  not  follow  that  the  latter  were  not  derived  from 
the  former,  so  far  as  they  are  sedimentary.  The  lands  which  gave  rise  to  the 
sediments  appear  to  have  simk  and  been  buried  at  some  later  time,  and  not  again 
exposed  by  erosion.  The  Proterozoic  rocks  of  this  region  were  long  buried  by 
formations  of  lesser  age.  The  uplift  permitting  the  erosion  which  discovered  the 
older  rocks  is  a  relatively  recent  event  (see  Tertiary  periods). 


Fio.  84. — Section  through  Kirk  Hill  in  the  Black  Hills  region,  illustrating  the  t^Tpe 
of  structure  shown  in  Fig.  82.  Legend  same  as  in  Fig.  82.  Length  of  section, 
3  miles.     (Jaggar,  U.  S.  Geol.  Surv.) 

The  Proterozoic  S3rstem  is  represented  in  at  least  one  locality  in  eastern  Wyom- 
ing.* The  rocks  are  quartzites,  schists,  silicious  limestone,  and  gneiss,  and  are 
locally  (near  Guernsey)  iron-bearing.    They  have  also  3delded  some  copper. 

In  southeastern  Missouri  (St.  Francis  mountains)  there  are  several  small 
areas  of  pre-Cambrian  rock,  both  sedimentary  and  igneous.    They  are  not  asso- 


FiG.  85. — Section  showing  the  relations  of  the  Tishomingo  (I.  T.)  granite.  Gr, 
pre-Ordovician;  Ov  Ordovician  (Viola  limestone);  S  and  0,  Silurian  and  Ordo- 
vidan  (Sylvan  shale);  Cc,  (Caney  shale);  Cw,  (Wapanucka  limestone);  and 
Ca,  (Atoka  formatioa)  Carboniferous;  Kt,  Lower  Cretaceous  (Trinity  formation), 
length  of  section,  5  miles.    (Taflf,  Atoka,  I.  T.  folio,  U.  S.  Geol.  Surv.) 

elated  at  the  surface  with  recognized  Archean  rock,  and  their  relation  to  the 
Proterozoic  rocks  of  other  regions  has  not  bee  a  determined.  As  in  the  Black 
Hills,  the  Proterozoic  formations  of  this  region  were  probably  buried  by  younger 
formations,  and  their  exposure  at  the  surface  is  the  result  of  erosion  following 
subsequent  uplift.  The  uplift  in  this  area  was  probably  much  earlier  than  that 
in  the  Black  Hills. 

In  Texas  there  is  at  least  one  series  (Llano)  of  Proterozoic  sedimentary  rocks, 
partly  metamorphic,  associated  with  igneous  rocks  which  may  be  Archean.  An 
extensive  area  of  granite  (Tishomingo  granite)  in  Indian  Territory  *  is  also  believed 
to  be  of  pre-Cambrian  age  (Fig.  85). 

The  Cordilleran  region. — In  this  region  the  axial  cores  of  many 
of  the  older  mountain  ranges  are  believed  to  be  of  Archean  rock.    In 

*  W.  S.  T.  Smith,  Hartville,  Wyo.,  folio,  U.  S.  Geol.  Surv. 
»Taff,  Tishomingo  (I.  T.)  folio,  U,  S.  Geol.  Surv. 
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many  of  them  there  are  thick  series  of  sedimentary  or  meta-sedimentary 
rocks  overlying  the  Archean,  and  overlain  by  Cambrian  or  younger 
strata.  Where  the  post-Archean  formations  are  not  overlain  by  Lower 
Cambrian  strata,  their  Proterozoic  age  is  sometimes  open  to  ques- 
tion. In  some  places  they  ai«  highly  metamorphic,  and  in  others  but 
slightly  so. 

Rocks  referable  to  the  Proterozoic  systems  are  found  in  the  Medicine  Bow 
range  and  in  some  of  other  mountains  of  Wyoming;  in  the  Bridger  and  Little 


Fig.  86. — Section  showing  the  relations  of  the  Proterozoic  formations  in  the  Telluride 
region  of  Colorado.  Aq,  Proterozoic  quartzite;  J,  Triassic  and  Jurassic;  K, 
Cretaceous;  E,  Eocene;  sj,  San  Juan  series  (tuff,  breccia,  etc.);  7>r/j,  Poto.si 
rhyolite;   gd,  gabbro  diorite.     Length  of  section,  5  miles.     (U.  S.  Geol.  Surv.) 

Belt  mountains  ^  (Belt  series,  fossiliferous ')  in  Montana,  in  the  Lewiston  and 
Livingston  ranges,  near  the  National  Boundary,  where  they  are  fossiliferous, 
and  some  10,000  feet  thick '  (Fig.  46),  and  at  a  few  other  points  in  the  same  State ;  * 
in  British  Columbia;  in  the  Wasatch  and  certain  lesser  mountain  ranges  of  Utah: 
in  several  of  the  ranges  of  Nevada  •  (Shell  Creek,  Egan,  Pogonip,  and  Pinyon) ; 
in  the  Front,  Sawatch,  Uncompahgre,  and  Quartzite  ranges  of  Colorado,"  and.  in 
the  Grand  Canyon  of  the  Colorado  in  Arizona.'  In  most  if  not  all  of  these  locali- 
ties the  sedimentary  beds  predominate,  but  are  accompanied  by  igneous  rocks 
which  are  in  part  contemporaneous  in  origin.  The  thickness  of  the  Protero- 
zoic rocks  in  these  various  localities  is  often  great,  but  generally  unmeasured. 
In  the  Canyon  of  the  Colorado  (Arizona)  the  succession  of  pre-Cambrian  for- 
mations is  easily  studied,  because  of  the  extensive  exposures.  The  Grand 
Canyon  group  *  (Proterozoic),  more  than  10,000  feet  in  thickness,  rests  uncon- 
formably  on  the  Archean,  and  is  in  turn  covered  unconformably  by  the  Cam- 
brian.   This  great  group  is  itself  divisible  into  two  S3rstems  by  a  slight  uncon- 

*  See  Little  Belt,  Livdngston,  and  Three  Forks  folios,  U.  S.  Geol.  Surv. 

*  Walcott,  Bull.  Geol.  Soc.  Am.,  Vol.  10,  pp.  227-44. 
'Willis,  BuU.  Geol.  Soc.  Am.,  Vol.  13,  pp.  316-24. 

*  Weed,  22d  Ann.  Rept.  U.  S.  Geol.  Surv.,  Pt.  II,  p.  434.      See  also  the  Little 
Belt,  Livingston,  and  Three  Forks  (Mont.)  folios,  U.  S.  Geol.  Surv. 

*  King,  Geol.  Expl.  of  the  40th  Parallel,  Vol.  I. 

*  Proterozoic  (Algonkian)  formations  are  shown  on  the  Pike's  Peak  and  Telluride 
folios  (U.  S.  Geol.  Surv.)  of  this  State. 

^See  references  in  Bull.  86,  U.  S.  Geol.  Surv. 
■  Powell,  Geology  of  the  Uinta  Mountains. 
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fonnity.*    The  general  relations  are  shown  in  Fig.  88. 
few  fossils  have  been  found.' 
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Here,  as  in  Montana,  a 


In  many  of  these  localities  the  Proterozoic  strata  are  associated  with 
Archean,  but  the  details  of  their  structure  and  relationships  have  not 
been  worked  out  in  many  places.  Enough,  however,  is  known  to  render  it 
probable  that  many  of  these  localities,  as  British  Columbia,  south- 
western Montana,  the  Wasatch  mountains,  etc.,  were  within  the  limits 
of  one  geological  province  in  the  Proterozoic  era.    One  of  the  features 


Fig.  86a. — Horizontally-bedded  limestone,  resting  unconformably  on  vertical  beds  of 
Proterossoic  Quartzite.     Box  Canyon,  near  Ouray,  Colo.     (R.  T.  Chamberlin.) 

common  to  much  of  this  province  is  the  conformity  of  the  Proterozoic 
strata  beneath  the  Lower  Cambrian.  Within  the  province,  a  succes- 
sion of  formations  and  events  as  definite  as  those  of  the  Lake  Superior 
province  will  probably  be  established  when  the  several  areas  have 
been  studied  with  equal  care;  but  the  order  established  for  this  province 
may  not  be  very  similar  to  that  of  others,  since  the  sequence  of  events 
in  different  provinces  is  not  necessarily  the  same. 


»  Walcott,  14th  Ann.  Rept.  U.  S.  Geol.  Surv.  and  Bull.  30,  U.  S.  Geol.  Surv.    Wal- 
oott  gives  a  three-fold  division  of  the  Algonkian. 
» Walcott,  Bull.  Geol.  Soc.  Am.,  Vol.  X. 
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In  the  eastern  part  of  the  United  States.^ — In  the  eastern  part  of 
the  United  States  there  are  large  areas  of  metamorphie  rock  which 
were  formerly  classed  as  Archean.    As  shown  in  Fig.  38,  these  rocks 


Fig.  87. — ^Figure  showing  peculiar  polyeonal  structure  in  Proteroaoic  limestone  in 
northern  Montana.     (Willis,  U.  S.  Geol.  Surv.) 

occupy  a  large  part  of  New  England,  the  southeast  comer  of  New 
York,  and  parts  of  northern  New  Jersey,  the  South  Mountain  district 
in  Pennsylvania,  and  farther  south,  the  wide  belt  of  the  Piedmont 
plateau  lying  east  of  the  Appalachian  mountains  from  Pennsylvania 
on  the  north  to  Alabama  on  the  south.  This  belt  of  metamorphie 
rocks  contains  formations  that  were  sedimentary,  and  those  that  were 

*  See  Bull.  86,  U.  S.  Geol.  Surv.,  and  folios,  U.  S  Geol.  Surv. 
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igneoiis.  In  some  places  they  are  so  far  metamorphosed  as  to  have 
lost  all  trace  of  their  original  texture,  while  in  others  the  change  is 
much  less  complete.  Within  this  belt  of  crystalline  rocks,  Proterozoic 
formations  are  beUeved  to  occur,  but  they  have  not  been  generally 
diflFerentiated  from  the  Archean  on  the  one  hand,  and  from  the  meta- 
moq3hic  Paleozoic  rocks  on  the  other. 


Fio.  88. — Figure  showing  the  Archean,  P*roterozoic,  and  later  formations  at  one  point 
in  the  Grand  Canyon  of  the  Colorado  in  northern  Arizona.  The  lowermost  non- 
stratified  formation  is  Archean.  The  horizontal  beds  in  the  upper  part  are  Paleozoic, 
their  basal  portion  being  Cambrian.  The  tilted  beds  between  the  Archean  and 
Paleozoic  are  Proterozoic.     (At wood.) 


In  the  Green  mountains  of  Vermont,  there  appear  to  be  two  series  (the  Mendon 
and  the  Moimt  Holly)  of  sedimentary  or  meta-sedimentary  rocks  of  complicated 
structure,  imconformable  beneath  the  Cambrian.*  Patches  of  pre-Cambrian  rock 
are  known  in  thirteen  places  in  western  Massachusetts,  but  they  are  separated 
with  difficulty  from  the  Cambrian,  Silurian,  and  Devonian  beds  which  were  meta- 
morphosed with  them.  They  consist  of  gneisses,  schists,  and  crystalline  lime- 
stone '  (Fig.  89).  In  southeastern  New  York  there  appear  to  be  pre-Cambrian 
metamorphic  rocks  of  complicated  structure  (Fordham  gneiss)  closely  associated 

» ^liittle,  cited  by  Van  Hise,  16th  Ann.  Rept.  U.  S.  Geol.  Surv.,  Pt.  I,  p.  827. 
'  Ibid.,  p.  830;    and  Emerson,  Holyoke,  Mass.,  folio,  U.  S.  Geol.  Surv. 
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with  metamorphic  rocks  of  lesser  age.^  In  places  the  gneiss  is  partly  of  sediment- 
ary and  partly  of  igneous  origin,  developed  by  the  parallel  injection  of  granitic 
materials  into  a  sedimentary  series.'  The  crystalline  rocks  of  the  Highlands 
of  northern  New  Jersey'  appear  to  be  chiefly  Proterozoic.  They  include  both 
igneous  and  sedimentary  rocks.  Among  the  latter  are  limestone  (marble), 
graphitic  gneisses,  and  large  bodies  of  iron  ore,  all  of  which  point  to  the  existence 
of  life  at  the  time  the  beds  were  deposited.  In  the  South  Mountain  district  of 
Pennsylvania  the  Proterozoic  seems  to  be  represented  by  igneous  rocks  on  which 
the  Cambrian  rests  unconformably.  In  no  one  of  the  foregoing  localities  has 
the  Archean  system  been  certainly  identified,  nor  has  the  Proterozoic  age  of  the 
rocks  been  generally  fixed  with  certainty. 

Similar  formations  in  similar  relations  exist  in  the  Piedmont  plateau  of  Mary- 
land,^ where  there  is  an  eastern  belt  of  crystalline  rocks  which  are  thought  to  be 
Proterozoic  (though  perhaps  including  some  Archean),  and  a  western  belt  less 
completely  crystalline  which  arc  thought  to  be  Paleozoic.  In  western  North 
Carolina  •  there  is  a  series  of  meta-igneous  rocks  classed  as  Algonkian.  They 
consist  of  meta-diabase,  epidotic  and  chloritic  schist  (probably  altered  basalt), 
dark  schists,  and  meta-rhyolites  (altered  from  acidic  glassy  rocks).  All  are  more 
or  less  metamorphic,  and  some  of  them  highly  so. 

Farther  southeast  is  a  great  area  of  crystalline  rocks  occupying  parts  of  Vir- 
ginia, North  and  South  Carolina,  Georgia,  and  Alabama,  formerly  referred  to  the 
Archean.  In  this  group  of  rocks,  strata  as  young  as  the  Ordovician  are  Icnown 
to  occur,  though  the  great  body  of  the  rock  is  probably  older.  Within  the  group, 
Proterozoic  rocks  are  believed  to  occur,  though  they  have  not  been  differentiated. 
Archean  rocks  have  not  been  certainly  identified. 

While  the  correspondence  of  the  Proterozoic  rocks  in  these  various 
regions  with  those  of  the  Lake  Superior  region  is  not  generally  very 
close,  it  may  be  pointed  out  again  that  close  correspondence  is  not  to 
be  expected,  even  if  the  rocks  of  different  localities  were  contemporane- 
ous in  origin.  The  phases  of  sedimentation  taking  place  about  any 
land  mass  at  any  time  are  largely  dependent  upon  the  height  of  the 
land,  the  freeness  of  the  exposure  of  its  coasts,  the  amount  of  precipi- 
tation, the  climate,  and  the  character  of  the  formations  suflFering  erosion. 
These  various  factors  were  as  likely  to  be  dissimilar  about  the  various 

» Ibid.,  p.  834,  and  Merrill,  N.  Y.,  folio,  U.  S.  Geol.  Surv. 

3  Van  Hise,  op.  cit.  p.  836. 

«  Wolff.  See  Repts.  of  U.  S.  Geol.  Sun.,  especially  those  for  1893  and  1896;  and 
Wolff  and  Brooks,  18th  Ann.  Ilept.  U.  S.  Geol.  Surv.,  and  Bull.  Geol.  Soc.  Am., 
Vol.  VIII,  p.  397. 

*Van  Hise,  op.  cit.;  Bascom,  Md.  Geol.  Surv.  Kept,  on  Cecil  County,  1902. 
This  volume  also  gives  a  review  of  previous  study,  and  bibliography  (pp.  49-62)  of 
the  literature  touching  this  area;    also  Keith,  Harper's  Ferry,  Va.-Md.-W.  Va.  folio. 

^  Keith,  Cranberry,  N.  C.-Tenn.  folio,  U.  S.  Geol.  Surv. 
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centers  of  sedimentation,  as  to  correspond.  Igneous  rocks  form  a 
not  inconsiderable  part  of  the  Proterozoic  systems,  and  there  is  no 
law  requiring  igneous  activities  in  different  regions  to  correspond 
either  in  time  or  in  the  nature  of  their  products.  Even  body  defor- 
mations, which  are  much  the  most  general  and  which  are  the  basis 
for  the  subdivision  of  the  systems,  need  not  have  corresponded  in 
their  particular  phases,  in  diflFerent  regions.  It  follows  (1)  that  the 
number  of  series  within  the  Proterozoic  in  one  place  may  not  be  the 
same  as  in  another;  (2)  that  the  thicknesses  of  the  various  systems 
may  vary  within  wide  limits;  (3)  that  there  need  have  been  no  close 
correspondence  in  the  sorts  of  rock  in  diflFerent  regions  at  the  outset; 
and  (4)  that  they  may  have  been  metamorphosed  unequally  since 
their  deposition.  The  dissimilarity  of  the  Proterozoic  in  diflferent 
regions,  as  suggested  by  the  preceding  sketch,  was,  therefore,  to  have 
been  anticipated. 

Proterozoic  Formations  in  other  Continents. 

Little  need  be  said  of  the  Proterozoic  systems  of  other  continents, 
but  they  are  believed  to  exist  in  Great  Britain,^  where  the  Torridonian 
sandstones  (8,000-10,000  feet  thick  in  Scotland)  and  perhaps  the 
Dalradian  series  may  be  Proterozoic;  in  France,^  where  phyllites, 
grajrwackes,  quartzite,  sericitic  schists,  and  igneous  rocks  with  an  aggre- 
gate thickness  of  several  thousand  meters,  are  regarded  as  Proterozoic; 
in  Spain,  where  phyllites,  halleflinta,  and  quartzite  represent  the  era; 
in  Germany,  where  mica  schists  predominate  below,  and  phyllites 
above; 3  in  Finland,*  where  nearly  3000  meters  of  conglomerates,  quartz- 
lies,  schists,  limestone,  and  diorite  lie  between  the  Archean  and  the 
Cambrian;  in  Scandinavia  (Sweden),  where  there  are  similar  thicknesses 
of  similar  rocks  occupying  a  similar  stratigraphic  position;  and  probably 
in  India  and  Brazil.  In  more  than  one  of  these  countries,  the  pre- 
Cambrian  sedimentary  rocks  are  thought  to  belong  to  at  least  two 

» Sir  Archibald  Geikie,  Jour,  of  Geol.,  Vol.  I,  and  Text  Book  of  Geology,  4th  ed., 
Vol.  II. 

'  DeLapparent,  Traits  de  Geologic. 

•  Gumbel,  Grundziige  der  Geologic,  pp.  511-522. 

^Sedersholm,  Ueber  eine  archnische,  Sedimentfonnation  in  siidwestlichen  Fin- 
land, Bull,  de  la  Commission  Geologique  de  la  Finlande,  No.  6,  1897. 
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systems,  separated  by  unconformities.  It  is  worthy  of  note  that 
in  Sweden  ^  iron  ore  occurs,  as  in  the  Huronian  of  Lake  Superior. 
Little  has  been  done  toward  the  correlation  of  the  pre-Cambrian  rocks 
of  Europe  and  America.  It  is  significant,  however,  that  the  terms 
Algonkian  and  Proterozoic  are  being  adopted  ^  in  the  deUneation  of 
the  pre-Cambrian  formations  on  geological  maps.  As  in  America, 
the  Proterozoic  rocks  of  Europe  contain  occasional  fossils,  though 
their  number  is  small. 

In  the  province  of  Shan-si,  China,  there  are  at  least  two  great  Pro- 
terozoic systems,  separated  by  an  unconformity.  The  lower  system  is 
composed  of  meta-sedimentary  rocks,  closely  folded;  the  upper  is  some- 
what folded  and  slightly  metamorphosed.  The  lower  system  rests  on 
the  Archean,  and  the  upper  underlies  the  Middle  Cambrian  uncon- 
formably.3 

Life  During  the  Proterozoic  Era. 

While  the  Proterozoic  rocks  do  not  generally  contain  fossils,  there 
can  be  no  doubt  that  life  existed  during  the  era.  The  direct  evidences 
are  as  follows:  (1)  The  carboniferous  shales,  slates,  and  schists  indi- 
cate the  existence  of  life;  (2)  the  occasional  fossils*  (especially  in 
Montana  and  in  the  Grand  Canyon  of  the  Colorado  in  Arizona)  demon- 
strate the  existence  of  life  at  that  time;  (3)  the  iron  ore  of  these  sys- 
tems, although  not  originally  deposited  in  its  present  form,  seems  to 
imply  the  existence  of  life,  both  when  it  was  accumulated,  and  when 
it  was  transformed  into  its  present  condition;  and  (4),  the  limestone. 
It  should  be  noted  that  limestone  occurs  in  the  Huronian  system, 
and  that  it  is,  in  some  places,  near  its  base.  The  limestone  was  formerly 
regarded  as  demonstrative  of  the  existence  of  life,  but  in  recent  years 
the  beUef  has  gained  ground  that  considerable  formations  of  lime- 
stone may  have  originated  by  precipitation  from  sea-water.  This 
origin  is  suspected  for  many  limestone  formations  which  are  free  from 

>  TOmebohm,  Grunddragen  af  det  Centrale  Skandinaviens  Bei^byggnad,  1896. 

*  B&ckstrom,  Vestanaf&ltet  (The  Vestana  region),  1867. 

'  Willis  and  Black  welder,  Carnegie  Institution.     Unpublished  data. 

*  For  summary  of  knowledge  concerning  pre-Cambrian  fossils,  see  Walcottt  Bull 
Geol.  Soc.  Am.,  Vol.  10,  pp.  199-244. 
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fossils,  and  if  this  hypothesis  is  applicable  to  any  extensive  formation 
of  limestone,  it  may  be  applicable  to  those  of  the  Proterozoic  systems. 
But  even  without  reliance  on  the  limestone,  the  fossils  leave  no  doubt 
of  the  existence  of  life  in  the  Proterozoic  era. 

The  best-preserved  fossils  are  those  of  eurypterus-like  Crustacea. 
There  are  also  tracks  of  two  genera  of  annelids,  and  other  undeter- 
mined forms.  Besides  these  certain  fossils,  there  are  obscure  forms 
which  appear  to  be  referable  to  brachiopods  and  pteropods.  It  is 
significant  that  the  oldest  definite  fossils  yet  found  are  well-developed 
Crustacea,  forms  well  up  in  the  animal  kingdom. 

CUMATE. 

Since  inferences  concerning  the  climate  of  any  period  are  drawn 
chiefly  from  fossils,  and  since  fossils  are  exceedingly  rare  in  the  Protero- 
zoic strata,  there  is  little  warrant  for  any  conclusion  concerning  the  cli- 
mate of  the  period.  Certain  pre-Cambrian  conglomerates  of  Ontario, 
shown  in  the  Cobalt  region  and  elsewhere,  have  been  interpreted  re- 
cently, as  of  glacial  origin,  but  the  evidence  thus  far  presented  does 
not  seem  to  be  conclusive  on  this  point. 

>  Coleman,  Geol.  Soc.  Am.,  1906. 


CHAPTER  V. 
THE  CAMBRIAN   PERIOD. 

Formations  and  Physical  History. 

The  great  crustal  movements  which  brought  the  Proterozoic  era  to 
a  close  converted  a  large  area  within  the  limits  of  the  North  American 
continent  into  land.  This  is  shown  by  the  geographic  distribution 
and  the  stratigraphic  relations  of  the  next  succeeding  system  of 
sedimentary  rocks.  This  system,  the  Carribrianj^  is  the  oldest  system 
of  rocks  now  recognized  as  having  been  deposited  during  the  Paleo- 
zoic era. 

Where  the  base  of  the  Cambrian  system  in  North  America  is  acces- 
sible, the  system  is,  as  a  rule,  unconformable  on  imderlying  formations 
(Figs.  88  and  89).     Where  this  is  the  case,  it  is  inferred  that  the  sur- 


Fio.  89. — Diagram  representing  the  general  relations  between  the  Cambrian,  €,  and 
the  Proterozoic  formations.  The  diagram  is  based  on  the  general  relations  which 
exist  in  the  Lake  Superior  region. 

face  on  which  it  rests  was  a  land  surface  and  exposed  to  erosion  for 
a  time  before  the  formations  above  the  unconformity  were  deposited. 
Furthermore,  the  attitude  of  the  Proterozoic  strata  is  such  as  to  show 
that  they  were  locally  much  disturbed  prior  to  the  notable  erosion 
which   preceded    the   deposition   of   the    Cambrian    beds    (Fig,  -89). 

Were  the  total  area  where  the  Cambrian  system  is  unconformable 
on  its  base  known,  k  would  furnish  a  basis  for  estimating  the  extent 
of  the  withdrawal  of  the  sea  from  the  continent  at  the  close  of  the 
Proterozoic  era,  and  before  the  deposition  of  the  known  Cambrian.  If 
it  were  possible,  on  the  other  hand,  to  determine  the  exact  area  once 
covered  by  formations  of  the  Cambrian  system,  this  determination 

*  A  summary  of  the  literature  on  the  North  American  Cambrian  prior  to  1892 
b  given  by  Walcott  in  Bull.  81,  U.  S.  Geol.  Surv. 
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vould  give  the  maximum  area  covered  by  the  Cambrian  seas,  for  the 
'ambrian  formations  were,  so  far  as  known,  laid  down  on  the  floor  of 
he  sea.  If  the  exact  area  of  the  sea  at  any  stage  of  the  Cambrian 
leriod  were  determined,  the  exact  area  of  the  land  at  the  same  stage 
iTould  obviously  be  known.  If  these  data  could  be  determined  for 
ach  stage  of  the  period,  they  would  constitute  the  record  of  its  geo- 
raphic  changes,  so  far  as  distribution  of  land  and  water  is  concerned. 
Tiese  determinations  cannot  be  made  for  every  stage  of  the  period, 
'Ut  approximations  may  be  made  for  certain  stages,  and  these  approxi- 
lations  give  a  valuable  insight  into  the  geography  of  the  times. 

The  Subdivisions  of  the  Cambrian  and  their  Distribution. 

The  Cambrian  period  has  been,  for  convenience,  divided  into  three 
arts,  which  may  be  called  the  Earlier,  the  Middle,  and  the  Later  divi- 
ons.  The  system  of  rocks  deposited  during  the  period  has  been  divided 
ito  three  corresponding  series,  known  as  the  Lower,  Middle,  and  Upper 
ambrian  respectively.  Other  names  are  sometimes  assigned  to  these 
ivisions.  Thus  Georgian  (Vt.),  Acadian,  and  Potsdam  (N.  Y.),  names 
f  localities  where  the  corresponding  divisions  of  Cambrian  were  first 
arefully  studied,  are  synonyms  for  Lower,  Middle,  and  Upper  Cambrian 
?spectively,  as  these  terms  are  used  in  North  America.  Saratogan  ^ 
nd  St.  Croix  ^  are  also  used  as  synonyms  for  Potsdam.  The  approxi- 
late  distribution  of  the  beds  of  sediment  laid  down  in  each  of  the 
bree  divisions  of  the  period  is  known,  and  the  variations  in  the  dis- 
ribution  of  the  three  series  record  the  changes  in  the  relations  of  land 
nd  water  during  the  Cambrian  period. 

The  Lower  Cambrian, 
Distribution. — Fig.  90  shows  the  known  surface  distribution  of  the 
lower  and  Middle  Cambrian  (Georgian  and  Acadian)  series.  The 
lack  portions  represent  the  areas  where  these  series  come  to  the  surface. 
Tie  parts  shaded  with  lines  represent  the  areas  within  the  limits  of  the 
ontinent  where  the  same  series  are  believed  to  occur,  though  now 
uried.  The  longer  the  lines,  the  better  the  basis  for  the  inference 
hat  one  or  both  series  are  present.  North  of  Mexico,  the  unshaded 
reas  shown  in  the  figure  are  thought  to  represent  approximately  the 

*  Recently  propoeed  by  the  U.  S.  Geol.  Surv.,  24th  Ann.  Rept.,  p.  27,  to  take  the 
place  of  Potsdam. 

'  Not  much  used  except  in  Minnesota. 
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Fig.  90. — Map  showing  the  outcrops  (in  black)  of  Early  and  Middle  Cambrian  forma- 
tions. The  areas  shaded  by  lines  represent  regions  where  the  formations  are 
believed  to  exist,  though  not  exposed.  The  longer  the  lines,  the  better  the 
basis  for  belief  in  the  existence  of  the  beds.  The  unshaded  areas  north  of 
Mexico  are  believed  to  have  been  land  during  vhe  early  portion  of  the  Cambrian 
period.  The  unshaded  area  south  of  the  Uni  ed  States  represents  lack  of  knowl- 
edge.    The  shading  within  tlie  area  of  the  occmui  is  the  same  as  in  Fig.  38. 
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areas  which  remained  above  the  sea  up  to  the  end  of  the  Middle  Cam- 
'brian.  In  Mexico  and  Central  America,  the  blank  area  represents 
lack  of  knowledge.  Since  the  distribution  of  the  Lower  and  Middle 
Cambrian  series  is  much  the  same,  the  black  areas  of  the  map  may 
be  taken  to  represent  the  siu^ace  distribution  of  the  Lower  Cambrian 
without  serious  error,  if  the  areas  in  Arizona,  Oklahoma,  and  Texas 
be  excluded.  On  account  of  later  erosion,  the  Lower  and  Middle 
Cambrian  strata  are  probably  not  now  present  over  the  whole  of  the 
area  on  which  they  were  originally  deposited. 

•  So  far  85  these  formations  contain  marine  fossils,  it  is  safely  inferred 
that  the  areas  where  they  now  occur  were  occupied  by  the  sea  at  some 
time  during  the  early  and  middle  portions  of  the  Cambrian  period. 

As  the  map  shows,  the  Lower  Cambrian  is  known  on  the  coast  of 
Labrador,  in  Newfoundland,  at  various  points  between  these  localities 
and  Maine,  at  several  places  in  New  England,  at  many  points  in  the 
Hudson-Champlain  valley,  and  at  various  points  in  the  Appalachian 
mountains  between  the  Hudson  and  Alabama,  but  is  generally  absent 
from  the  area  east  of  these  mountains.  From  the  distribution  of  the 
Lower  Cambrian  series  in  the  east,  and  from  its  fossils,  it  is  inferred  that 
a  great  sound  existed  in  early  Cambrian  time  near  the  southeastern 
border  of  the  continent,  extending  from  Labrador  to  Alabama.^  This 
soimd  is  believed  to  have  been  shut  off  from  the  Atlantic  by  land  which 
occupied  a  large  part  of  the  site  of  the  present  Piedmont  plateau, 
but  whose  eastern  limit  is  unknown. 

Lower  Cambrian  formations,  with  fossils  of  marine  organisms,  are 
also  known  in  Nevada,  Utah,  western  Montana,  Idaho,  and  in  some 
parts  of  British  Columbia,  from  which  it  is  likewise  inferred  that  the  sea 
occupied  portions  of  western  North  America  during  the  same  epoch. 

The  absence  of  Lower  Cambrian  strata  from  other  regions  is  hardly 
less  significant  than  their  presence  in  those  mentioned.  They  are 
believed  to  be  wanting  in  most  of  Montana,  in  Wyoming,  Colorado 
and  Arizona,  and  in  the  territorj'^  east  of  these  states  nearly  to  the 
Appalachian  mountains.^  Not  only  are  they  absent  now,  but  they 
appear  never  to  have  been  present,  and  this  leads  to  the  inference  that 

*  Ulrich  and  Schucshert,  Bull.  52  (Paleontology  6)  New  York  State  Museum,  Report 
of  the  State  Paleontologist,  1901,  pp.  635-6. 

"Comstock  (First  Ann.  Rept  GeoL  Surv.  of  Texas,  1889,  pp.  285-292)  thinks 
Lower  Cambrian  occurs  in  Texas. 


222  GEOLOGY. 

most  of  the  great  area  between  the  Appalachian  mountains  on  the 
east  and  the  Rocky  mountains  on  the  west  was  above  the  sea  during 
the  early  part  of  the  Cambrian  period. 

Geography  of  the  Early  Cambrian. — On  the  basis  of  the  known  dis- 
tribution of  the  Lower  Cambrian  strata  as  cited  above,  it  is  inferred 
that  there  was  an  extended  land  area  within  the  limits  of  North 
America  in  the  early  part  of  the  Cambrian  period,  and  from  the  wide- 
spread unconformity  of  the  Lower  Cambrian  on  its  bed,  it  is  inferred 
that  this  area  was  still  more  extensive  just  before  the  deposition  of  the 
known  Lower  Cambrian.  The  map  (Fig.  90)  shows,  as  nearly  as  it 
is  now  known,  the  area  of  land  and  water  within  the  area  of  North 
America  during  the  early  part  of  the  period. 

"  Lost "  interval. — ^Where  the  Cambrian  is  unconformable  on  pre- 
Cambrian  formations  there  is  a  break  in  the  geological  record.  Such 
breaks  are  sometimes  said  to  represent  "lost"  intervals,  the  mtervals 
which  are  "lost"  being  the  periods  elapsing  between  the  deposition  of 
the  beds  below  the  tmconformity,  and  those  above.  This  designa- 
tion for  such  an  interval  is  only  partly  true,  for  in  the  unconformity 
itself  there  is  the  record  of  exposure  and  erosion,  followed  by  submerg- 
ence and  deposition.  The  general  sequence  of  events  is  evident,  and 
to  this  extent  the  record  is  not  lost.  On  the  other  hand,  the  products 
of  the  recorded  erosion  were  deposited  elsewhere,  constituting  a  new 
formation.  Wherever  the  sedimentary  beds  deposited  during  the 
erosion  interval  represented  by  an  unconformity  are  buried,  the 
record  of  the  interval  is  certainly  not  open  to  inspection.  It  may  be 
regarded  as  "lost,"  or  as  too  well  preserved. 

The  relations  and  principles  involved  are  illustrated  by  Figs.  91  to  93.  Let 
the  line  -A A',  Fig.  91,  represent  the  sea-level  at  the  beginning  of  the  uplift  which 
closed  the  Proterozoic  era,  while  CC,  Fig.  92,  represents  the  same  level  at  the 
time  of  maximum  post-Proterozoic  uplift.  While  the  water-level  was  changing 
from  AA'  to  CC,  sedimentation  was  in  progress  beneath  the  water  at  all  stages, 
and  at  all  stages  the  sedimentary  beds  were  essentially  conformable  on  the  for- 
mations below.  So  long  as  the  sea-level  stood  at  CC,  deposition  still  continued 
to  the  right  of  C,  the  beds  being  conformable  on  their  substratum  (1,  Fig.  92). 

Later,  as  the  stratigraphic  relations  of  the  Lower  Cambrian  formations  show, 
the  sea  again  advanced  on  the  land,  and  as  the  shore  line  was  shifted  from  C 
toward  A  (Fig.  92),  sediments  were  in  process  of  deposition  on  the  surface  which 
had  recently  been  land,  but  which  was  now  submerged.  The  deposits  made  at 
this  stage  between  C  and  A,  Fig.  93,  were  unconformable  on  the  formations 
beneath,  though  the  corresponding  deposits  to  the  right  of  C  were  conformable 
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on  their  base.  It  is  manifest  that  the  unconformity  between  formations  Al  and 
2  (Fig.  93)  must  repi-esent  a  longer  interval  of  time  between  B  and  A  than  be- 
tween B  and  C,  since  the  formation  Al  had  been  longer  exposed  in  the  former 
region.  From  A  to  C  the  section  records  a  "lost"  interval,  but  the  deposits  made 
during  this  interval  (1,  Fig.  93)  are  preserved  to  the  right  of  C,  though  they  may 
be  inaccessible. 


A 

Fig.  91. — Figure  showing  a  series  of  sedimentary  rocks,  Al,  resting  on  and  against 

older  rock,  M- 

In  the  case  under  consideration,  AZ,  deposited  before  the  uplift,  stands  for 
the  whole  of  the  Proterozoic  (Algonkian).      As  a  matter  of  fact,  the  structure 


Fig.  92. — ^This  figure  represents  the  rerion  shown  in  Fig.  91  as  having  risen,  or  the 
sea-level  as  having  been  lowered.  Erosion  has  affected  the  upper  portion  of  the 
formations  represented  by  Al.  Meantime  deposition  of  the  eroded  material  has 
taken  place  beneath  the  sea-level.  These  new  deposits  are  represented  by  1  in 
the  figure. 

of  the  Proterozoic  is  much  more  complex  than  these  figures  show.     (See  Fig.  89.) 
Formation  2  (Fig.   93)  is  Cambrian.     Formation  1,  being  inaccessible,  is  not 


Fig.  93. — ^This  figure  represents  the  same  region  as  Rgs.  91  and  92  after  the  land 
has  sunk  so  as  to  allow  the  sea  to  regain  approximatelv  the  position  which  it 
occupied  in  Fig.  91.  Younger  sediments,  2,  have  buried  the  older,  1.  The  forma- 
tion represented  by  2  is  unconformable  on  Al  and  on  M    but  comformable  on  1. 


classified.    Were  it  accessible,  its  classification  as  Cambrian  or  as  Proterozoic 
would  probably  depend  on  its  fossils.    Looked  at  from  the  physical  point  of 
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view,  the  question  is,  Shall  the  Proterozoic  era  be  regarded  as  ending,  so  far  as 
this  region  is  concerned,  (1)  when  the  uplift  preceding  the  Cambrian  began,  (2) 
when  it  reached  its  maximum,  or  (3)  when  the  subsequent  subsidence  was  in- 
augurated? To  this  question  no  categorical  answer  can  be  given,  and  formation 
1  of  Fig.  93  may  be  looked  on  as  representing  the  time  of  transition  from  the 
Proterozoic  to  the  Cambrian. 

Extent  of  unconformity  at  base  of  Lower  Cambrian. — ^Except  in  the 
northwest,  the  Lower  Cambrian  is  generally  unconformable  on  deformed 
beds  of  Proterozoic  age,  but  it  seems  certain  that  the  Lower  Cambrian 
must  be  conformable  on  the  Proterozoic  in  areas  which  were  continu- 
ously under  water  (1)  during  the  later  part  of  the  Proterozoic  era,  (2) 
during  the  generally  unknown  interval  between  the  Keweenawan  and 
Cambrian,  and  (3)  during  the  Cambrian.  Since  it  is  improbable  that 
the  larger  part  of  the  area  which  was  receiving  sediment  durmg  the 
last  period  of  the  Proterozoic  era  became  land  at  the  end  of  that  era, 
it  follows  that  areas  where  conformity  exists  between  Cambrian  and 
Proterozoic  are  probably  more  extensive  than  areas  where  unconform- 
ity exists.  From  a  study  of  the  relations  suggested  by  Figs.  91  to  93 
it  is  apparent  that  unconformity  between  Proterozoic  and  Cambrian 
is  likely  to  be  most  general  just  where  their  contacts  are  most  frequently 
seen. 

The  Middle  Cambrian. 

The  strata  of  the  middle  division  of  the  Cambrian  (Acadian)  are 
known  to  occur  in  the  same  general  localities  as  those  of  the  lower, 
l)oth  in  the  eastern  and  western  parts  of  the  continent,  and  in  addition, 
they  occur  in  Texas,  Oklahoma,  Indian  Territory,^  Arizona,^  and  in 
some  part-s  of  Montana,^  and  possibly  even  in  the  western  part  of  Wis- 
consin ^  where  Lower  Cambrian  is  absent,  or  at  any  rate  not  known. 
This  distribution  indicates  that  the  interior  was  being  invaded  by 
the  sea  from  the  south  and  southwest  before  the  close  of  the  Middle 
Cambrian  epoch.  Like  the  preceding  series,  the  Middle  Cambrian  beds 
are  generally  absent  from  the  eastern  interior.  Where  the  Middle 
Cambrian  rests  on  the  Lower,  as  in  the  east  and  west,  the  two  series 

*Taff,  Professional  Paper  No.  31,  U.  S.  Geol.  Surv. 

»  Blake,  Am.  Geol.  Vol.  XXVII,  p.  162;  Walcott,  Bull.  Geol.  Soc.  Am.,  Vol  X, 
p.  217. 

'Walcott,  idem.,  p.  209. 
*  Walcott,  idem.,  p.  224. 
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are  generally  conformable.^  Where  it  rests  on  pre-Cambrian  forma- 
tions, as  in  the  States  mentioned  above,  it  is  in  unconformity  with 
them.     (Figs.  88  and  89.) 

The  Upper  Cambrian. 
In  the  Later  Cambrian  (Potsdam,  Saratogan)  epoch,  the  Appala- 
chian region  on  the  one  hand,  and  the  Cordilleran  region  on  the  other, 
were  still  submerged,  as  shown  by  the  conformable  (in  general)  super- 
position of  the  Upper  Cambrian  beds  on  the  Middle  Cambrian,  in  both 


Fig.  94. — ^This  figure  represents  a  section  in  the  Menominee  region  of  northern  Michi- 
gan, and  shows  the  Potsdam  sandstone,  €8,  in  unconformity  with  Proterozoic 
formations,  A.      At,  Archean.     (Van  Hise,  U.  S.  Geol  Surv.) 

regions.  In  addition,  the  Upper  Cambrian  beds  are  spread  widely 
over  the  interior  of  the  continent,  indicating  that  the  sea  had  extended 
itself  greatly  at  the  expense  of  the  land  in  the  Potsdam  epoch.  Where 
the  Upper  Cambrian  rests  on  pre-Cambrian  formations,  it  is  in  uncon- 
formity with  them. 

Fig.  95  shows  something  of  the  distribution  of  the  Upper  Cambrian 
series.  The  black  areas  represent  the  areas  where  the  series  comes 
to  the  surface;  the  areas  lined  horizontally  represent  the  areas  where 
it  is  confidently  believed  to  be  present,  though  buried;  the  areas  shaded 
by  dashes  are  the  areas  where  the  series  is  probably  present;  while 
the  dotted  tracts  represent  the  areas  from  which  the  series  is  thought 
to  have  been  removed  by  erosion.  The  blank  areas,  except  in  Mexico 
and  Central  America,  stand  for  the  tracts  which  are  thought  to  have 
remained  above  the  sea  throughout  the  Cambrian  period;  2  in  those 
countries,  they  represent  lack  of  knowledge. 

Sectigns  op  the  Cambrian  and  their  Interpretation. 

Fig.  96  represents  known  sections  of  the  Cambrian  formations 
in  various  localities.^    The  study  of  these  sections,  while  involving 

'  Ulrich  and  Schuchert  think  that  the  Appalachian  83aiclinorium  of  Early  Cam- 
brian time  was  largely  drained  at  the  close  of  that  epoch.     Loc.  cit.,  p.  636. 

'  Since  this  map  was  prepared.  Upper  Cambrian  beds  have  been  reported  from 
flouthwestem  Texas.  Richardson,  Reconnaissance  in  Trans  Pecos,  Texas,  Bull.  9. 
Univ.  of  Tex.  Min.  Surv. 

•  Walcott,  Bull.  81,  U.  S.  Geol.  Surv. 


226 


GEOLOGY. 


Fig.  95. — Map  showing  the  Upper  Cambrian  formations.  The  outcrops  are  shown 
in  black.  The  continuous  fines  represent  areas  where  the  Upper  Cambrian  forma- 
tions are  confidently  believed  to  exist,  though  concealed.  The  dashes  represent 
areas  where  there  is  some  reason  for  belie\ing  them  to  exist.  The  dotted  areas 
represent  areas  from  which  the  Upper  Cambrian  is  believed  to  have  been  removed 
by  erosion.     The  unshaded  areas  nave  the  same  meaning  as  in  Fig.  90. 
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some  repetition  of  what  has  been  said,  will  help  to  make  clear  the  method 
by  which  the  geography  (and  therefore  the  geologjO  of  the  successive 
stages  of  the  Cambrian  is  made  out.  If,  for  example,  sections  1  and  2 
be  compared,  it  is  seen  that  in  both  cases  the  three  divisions  of  the 
Cambrian  system  are  present,  and  that  in  both  cases  the  Lower 
Cambrian  rests  unconformably  on  the  Proterozoic,  while  the  Middle 
rests  conformably  on  the  Lower,  and  the  Upper  on  the  Middle.  From 
these  two  sections  it  is  inferred  that  the  Cambrian  seas  covered  the 
two  localities  where  these  sections  occur,  during  at  least  the  later 
portion  of  the  Early  Cambrian,  during  the  Middle  Cambrian,  and  dur- 
ing at  least  the  earlier  portion  of  the  Later  Cambrian  epoch.  These 
sections  do  not  indicate  how  much  of  the  Upper  Cambrian  in  these 
two  areas  has  been  removed  by  erosion.  From  the  strict  conformity 
of  the  three  groups  of  strata,  it  is  probable  that  the  Middle  Cambrian 
beds  are  present  in  their  full  thickness  in  both  sections;  that  is,  that 
both  localities  were  under  water  continuously  in  the  Middle  Cambrian 
epoch,  and  that  none  of  the  Middle  Cambrian  series  has  been  lost  by 
erosion. 

It  will  be  noted  that  the  Lower  Cambrian  in  section  1  is  much 
thinner  than  that  in  section  2.  This  might  be  explained  in  either  of 
two  ways.  (1)  In  the  area  of  section  1,  the  Proterozoic  (Algonkian) 
surface  may  have  been  above  water  during  a  part  of  the  Lower  Cam- 
brian epoch.  If  this  be  true,  the  land  at  this  point  must  have  sunk 
so  as  to  let  the  sea  cover  it  before  the  close  of  the  epoch.  If  the  area 
of  section  2  was  under  water  longer  during  the  early  Cambrian  epoch, 
the  greater  thickness  of  the  Lower  Cambrian  in  this  section  would  be 
explained.  (2)  The  other  possible  explanation  of  the  inequality  is 
found  in  the  unequal  rates  of  accumulation  of  sediments.  So  far  as 
the  sections  show,  both  areas  may  have  been  under  water  during  the 
whole  of  the  Georgian  epoch;  but  if  the  rate  of  sedimentation  was 
slower  at  1  than  at  2,  the  thickness  of  strata  would  be  correspondingly 
less.  From  the  sections  it  is  not  possible  to  decide  between  these 
alternative  explanations. 

If  section  2  be  compared  with  section  3,  a  somewhat  different 
relation  is  shown.  In  the  latter,  the  Lower  and  Middle  Cambrian  are 
both  present,  while  the  Upper  Cambrian  is  wanting.  This  again  might 
be  explained  in  either  of  two  ways.  Either  eastern  Massachusetts 
rose  above  sea  level  after  the  Middle  Cambrian  epoch,  so  that  the  Upper 
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Cambrian  strata  were  not  deposited  there,  or  the  Upper  Cambrian 
beds,  once  deposited,  have  since  been  removed  by  erosion.  Between 
these  alternatives  the  figure  does  not  decide. 

If  section  3  be  compared  with  section  4,  it  will  be  seen  that  the 
latter  lacks  the  Middle  Cambrian  as  well  as  the  Upper,  the  Lower 
resting,  as  before,  unconformably  on  the  Proterozoic.  This  section 
might  mean  either  that  the  area  where  it  occurs  emerged  from  the 
sea  before  the  Middle  Cambrian  epoch,  or  that  such  Middle  and  Upper 
Cambrian  beds  as  were  once  deposited  there  have  since  been  carried 
away  by  erosion. 

From  section  7  it  is  seen  that  the  Lower  Cambrian  of  eastern  New 
York  has  extraordmary  thickness,  compared  with  the  areas  farther 
northeast.  As  in  the  case  of  sections  1  and  2,  this  may  mean  either 
that  the  reign  of  section  7  was  under  water  longer  during  the  Early 
Cambrian  epoch,  or  that  sedimentation  was  here  more  rapid.  The 
rapid  rate  of  accumulation  might  be  accounted  for  in  more  than  one 
way.  If  the  area  of  section  7  was  near  a  coast,  and  especially  if  the 
adjoining  land  was  high,  rapid  sedimentation  would  be  likely  to  fol- 
low. If  at  the  same  time  the  formations  of  the  land  were  easily  eroded, 
the  rate  of  sedimentation  would  be  still  further  increased.  Rivers 
may  have  come  into  the  sea  in  this  vicinity  with  hea\'y  loads  of  sedi- 
ment, or  shore  currents  may  have  been  such  as  to  allow  of  exceptionally 
rapid  accumulation  of  sediments  at  this  point. 

The  Upper  and  Middle  Cambrian  of  section  8  are  somewhat  thinner 
than  the  corresponding  series  in  sections  1,  2,  and  6.  So  far  as  the 
Upper  Cambrian  is  concerned,  the  thinness  might  be  due  to  the  re- 
moval of  its  upper  part  by  erosion;  but  the  thinness  of  the  Middle 
Cambrian,  taken  together  with  its  conformity  above  and  below,  seems 
to  indicate  that  the  accumulation,  of  sediment  was  here  relatively  slow 
during  this  epoch.  The  study  of  the  various  sections  may  thus  be 
made  to  throw  light  upon  the  conditions  which  existed  at  the  points 
where  sections  are  known. 

In  the  areas  where  sections  1  to  11  and  13  to  17  occur,  the  Lo\\'er 
Cambrian  strata  are  present.  This  means  that  the  Lower  Cambrian 
seas  covered  these  areas.  On  the  other  hand,  sections  18  to  28  sug- 
gest, by  the  absence  of  the  Lower  Cambrian  formations,  that  the  sea 
did  not  occupy  the  areas  where  these  sections  occur  in  the  Lower  Cam- 
brian epoch.    The  only  alternative  is  that  the  Lower  Cambrian  rocks 
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once  covered  this  area,  but  were  subsequently  removed  by  erosion 
before  the  Potsdam  epoch,  an  alternative  for  which  there  appears  to 
be  no  warrant.  Sections  27  and  28  show  Middle  Cambrian  strata  rest- 
ing on  Proterozoic  or  Archeozoic  rock,  thus  indicating  that  the  Middle 
Cambrian  sea  covered  the  localities  of  these  sections,  although  the 
Early  Cambrian  sea  did  not.  Sections  18  to  26  show  the  presence  of 
Upper  Cambrian  beds  only,  and  therefore  give  some  clue  as  to  the 
extent  of  the  advance  of  the  sea  upon  the  land  in  the  Upper  Cam- 
brian epoch. 

Interpretations. 

Interpreting  these  sections,  it  is  inferred  that  in  the  early  part  of 
the  Cambrian  period  the  sea  covered  some  parts  of  the  eastern 
border  of  the  present  continent  as  far  south  as  Massachusetts,  that 
it  occupied  a  narrow,  strait-like  belt  along  the  Appalachians,  that 
it  was  also  present  in  the  west,  but  that  the  great  interior  was,  for 
the  most  part,  land  (Fig.  90).  From  the  same  data  it  is  inferred  that 
during  the  Middle  Cambrian  epoch  the  sea  encroached  on  the  interior 
from  the  south  and  west,  reaching  western  Montana,  Arizona,  and 
Texas  during  the  Middle  Cambrian  epoch  (Fig.  96).  Still  later,  in 
the  Potsdam  (Saratogan)  epoch,  the  sea  gained  dominion  over  the 
land  until,  at  its  close,  a  large  part  of  the  area  of  the  United  States 
was  beneath  the  sea  (Fig.  96). 

Theoretically,  this  result  may  have  been  brought  about  by  a  rise 
of  the  sea,  or  by  a  lowering  of  the  land,  or  by  both  together;  or,  chang- 
ing the  point  of  view  somewhat,  it  may  have  been  brought  about  by 
a  deep-seated  deformation  of  the  earth's  body,  or  by  superficial  changes, 
whether  gradational  or  deformational,  or  by  both  combined.  It  may 
not  be  best  to  try  to  reach  final  conclusions  where  the  subject  is  so 
intricate  and  the  data  so  imperfect  as  in  this  case,  but  it  is  well  to 
weigh  the  considerations  that  favor  one  or  another  of  the  possible 
participating  agencies  and  to  try  to  discriminate  between  the  work 
of  the  inevitable  agencies  and  that  of  the  more  or  less  uncertain  ones. 

There  is  need  to  discriminate  at  the  outset  between  two  classes  of 
deformation.  The  one  is  that  which  has  just  been  called  body  defor- 
mation, whose  origin  is  presumed  to  be  internal,  while  the  other,  which 
will  be  defined  below,  is  superficial  deformation,  and  more  or  less  inde- 
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pendent  of  internal  forces  at  the  time  of  its  accomplishment.^  As 
will  appear  presently,  superficial  deformations  are  not  excluded  by 
the  general  evidence  against  profound  deformations.  In  the  present 
case  we  may  first  inquire  how  far  gradation  and  allied  agencies  may 
have  been  effective  in  bringing  about  the  transgression  of  the  sea  over 
a  large  part  of  the  American  continent  in  the  later  part  of  the  Cam- 
brian period.  We  may  inquire  next  how  far  superficial  deformations 
may  have  cooperated  with  gradation  in  bringing  about  the  transgres- 
sion of  the  sea;  and  then,  if  these  seem  inadequate,  we  may  resort 
to  the  more  hypothetical  forces  that  reside  in  the  deeper  body  of  the 
earth. 

(1)  How  far  may  gradation  have  been  competent  to  bring  about  the 
submergence  of  the  continent? — Gradation  is  perpetual  and  inevi- 
table where  land  and  sea  exist.  The  waves  attack  the  land  along  its 
borders,  and  the  familiar  agents  of  degradation  reduce  its  surface. 
The  former  is  a  direct  cause  of  the  encroachment  of  the  sea  upon  the 
land,  and  the  latter  an  indirect  one,  since  all  sediments  transported 
from  the  land  and  deposited  beneath  the  sea  displace  an  equal  volume 
of  water,  and  correspondingly  raise  the  sea  surface.  Small  as  this 
rise  must  have  been  for  any  brief  period,  its  effect  was  to  cause  the  sea 
to  advance  upon  the  land.  The  lowering  of  the  land  by  degradation 
at  the  same  time,  facilitated  the  advance.  //  continued  long  enough, 
this  cooperative  process  of  shore-cutting  around  the  borders  of  the 
lands,  of  down-cutting  over  the  whole  surface,  and  of  uplifting  of  sea- 
level,  must  inevitably  have  caused  the  water  to  cover  the  whole  con- 
tinent and  to  spread  deposits  over  all  but  the  last  remnants  of  it,  pro- 
vided there  vxis  no  defommtion  of  the  hody  of  (lie  earth  in  the  meantime. 
This  familiar  process  is  illustrated  in  miniature  in  Vol.  I,  pp.  60-62, 
where  the  lifting  of  the  sea-level  is  neglected,  because  infinitesimal  in 
that  case.  Since  this  complex  process  is  inevitable,  it  is  well  to  assign 
to  it  whatever  it  is  competent  to  do  consistently  with  the  results  of 
other  agencies  known  to  have  been  in  operation  at  the  same  time. 

It  has  been  computed  that  if  the  earth,  in  its  present  condition,  were 
to  remain  without  deformation  for  the  requisite  period,  the  erosion  of 
the*continents  and  the  transfer  of  the  material  to  the  sea  would  raise 
the  sea-level  about  650  feet  (Vol.  I,  p.  545).    The  last  remnants  of  the 

'  For  the  general  treatment  of  these  two  phases  of  deformation,  see  Vol.  I,  pp.  548- 
580,  and  this  Vol.,  pp.  119-132. 
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continents  to  be  submerged  by  this  process  would,  therefore,  stand  at 
that  height  above  the  present  sea-level.  The  disturbed  condition  of 
the  Proterozoic  formations,  and  the  truncated  condition  of  their  up- 
turned beds,  may  be  taken  as  good  evidence  that  the  continents  stood 
forth  from  the  sea  rather  prominently  at  the  close  of  the  Proterozoic 
era.  The  actual  mass  of  the  continents  is  not  known,  and  it  is  not  very 
essential  for  present  purposes.  The  higher  the  continents,  the  more 
the  material  available  for  removal  to  the  sea  and  so  for  the  lifting  of  the 
surface  when  deposited  beneath  it,  and  the  more  the  lifting  needful 
to  submerge  the  continents;  while  the  lower  the  continents,  the  less  the 
material  available  for  lifting  the  sea,  and  the  less  lifting  needful  to  cause 
it  to  cover  the  land.  It  is  a  case  of  reciprocal  relations  and  of  miitual 
accommodation,  in  any  event.  The  result  is  certain  in  any  case,  if 
the  time  be  long  enough  and  deformation  does  not  interfere.  Defor- 
mation is  a  possible  bar,  as  well  as  a  possible  aid,  to  the  wide  spreading 
of  the  sea  on  the  land.  A  satisfactory  explanation  of  the  covering  of 
great  tracts  of  land  by  the  sea  may  therefore  require  the  exclusion,  or 
the  limitation,  of  profoimd  crustal  movements,  rather  than  their 
participation. 

The  direct  evidence  of  gradation  in  the  Cambrian  period  is  clear 
and  firm,  for  there  is  no  groimd  to  doubt  that  the  main  body  of  the 
Cambrian  sediments  was  eroded  from  the  land  and  deposited  in  the 
sea.  This  gradation  tended  to  lower  the  land  and  raise  the  sea.  We 
are  safe,  therefore,  in  concluding  that  surface  action  was  a  participant 
in  the  result  attained.  There  is  much  evidence  that  considerable 
progress  was  made  toward  the  base-leveling  of  the  Amejican  conti- 
nent, and  of  other  continents  as  well,  before  the  close  of  the  Cambrian 
period.  The  very  fact  of  the  spreading  of  the  sea  so  widely  over  the 
interior  of  a  continent,  and  of  the  laying  down  of  a  relatively  uniform 
and  not  very  thick  formation  of  sandstone  over  such  broad  areas,  on 
a  surface  which  approached  a  plane,  though  underlain  by  beds  which 
are  commonly  much  deformed,  is  in  itself  evidence  of  extensive  level- 
ing by  degradation. 

Now  base-leveling  implies  a  nearly  undisturbed  attitude  of  the  land 
and  sea  during  its  progress,  and  hence  in  itself  favors  the  view  that  no 
great  deformation  affected  the  continent  while  it  was  going  on.  In 
harmony  with  this  view,  there  is  an  absence  of  direct  evidence  of  a 
profound  deformation  during  the  Cambrian  period.    There  is  there- 
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fore  a  presumption  in  favor  of  gradation  and  against  body  defor- 
mation diu-ing  the  period,  and  good  practice  in  interpretation  leads  us 
to  inquire  how  far  the  former  may  have  been  the  cause  of  the  sub- 
mergence of  the  continent,  before  we  resort  to  the  doubtful  expedient 
of  invoking  profound  deformation. 

If  gradation  were  the  sole  agency  involved  in  the  submergence  of 
the  lands,  the  advance  of  the  sea  should  have  been  sjrstematic,  though 
not  necessarily  equal  in  rate  or  extent  at  all  times  and  places,  and 
along  this  line  a  means  may  be  found  of  judging  how  far  this  agency 
was  a  real  one.  Without  attempting  to  make  a  full  application  of 
this  test  here,  it  seems  certain  that  there  were  some  shiftings  of  the 
areas  of  deposition  other  than  those  which  might  have  arisen  from  a 
simple  gradational  advance  of  the  sea  upon  the  land,  and  that  there 
are  specific  evidences  of  warping,  as  implied  by  the  differences  in  the 
depth  of  the  deposits  and  in  their  characters  and  relations  to  one  another, 
as  brought  out  in  the  previous  descriptions.  None  of  these  warpings 
were,  however,  of  the  more  intense  and  declared  type,  such  as  occurred 
repeatedly  in  the  Proterozoic  and  Archeozoic  eras.  Those  which  are 
now  known  were  of  a  relatively  gentle  type,  and  limited  in  amount 
and  in  prevalence.  These  characteristics  of  the  Cambrian  deforma- 
tions lead  to  inquiry  imder  the  second  head. 

(2)  How  far  may  superficial  deformation  have  contributed  to  the 
submergence  of  the  lands? — (a)  Lateral  spreading. — ^The  continental 
platforms  now  stand  forth  above  the  ocean  bottom  as  great  plateaus. 
They  may  be  roundly  estimated  to  rise  15,000  feet  above  their  true 
sub-oceanic  base.  Their  weight  develops  a  pressure  on  their  basal 
parts  that  may  safely  be  estimated  at  15,000  to  20,000  pounds  to  the 
square  inch.^  This  pressure  tends  to  cause  the  platforms  to  spread 
by  Uttered  creeping.  This  is  opposed  by  the  strength  of  the  rock,  and 
by  the  hydrostatic  pressure  of  the  oceaiis  against  the  sides  of  the  plat- 
forms. If  this  last  be  estimated  at  5000  pounds  per  square  inch  at 
the  bottom,  there  remains  an  unbalanced  pressure  of  10,000  to  15,000 
poimds  per  square  inch.     Even  the  lesser  of  these  figures  is  equal  to 

'  For  rough  computations  where  exact  accuracy  is  immaterial,  it  is  convenient 
to  remember  that  a  cubic  foot  of  rock  weighs  about  as  many  pounds  as  there  are 
square  inches  in  its  base,  though  usually  somewhat  more.  Hoskins,  in  his  com- 
putation of  the  strength  of  domes  (Vol.  I,  p.  581),  takes  180  pounds  as  the  weight 
of  a  cubic  foot  of  firm  crystalline  rock  of  the  granitic  type.  180 -^  144 -1.25.  At 
2.7  sp.  gr.,  a  cubic  foot  weighs  167  lbs.     167 -s- 144  =  1.16. 
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the  crushing  strength  of  some  of  the  weaker  rocks,  and  is  a  notable 
percentage  of  the  crushing  strength  of  even  the  strongest  ones.  Under 
less  pressure  than  this,  rocks  are  often  observed  to  creep,  as  in  mines 
and  canyons.  It  is  not  improbable,  therefore,  that  a  pressure  of  this 
magnitude,  constantly  exerted  for  a  prolonged  period,  might  cause 
some  spreading  of  the  great  continental  platforms,  and  hence  (1)  some 
lowering  of  their  surfaces,  and  (2)  at  the  same  time  some  rise  of  the 
sea-level. 

Such  a  force,  perpetually  in  readiness  to  act,  if  not  actually  produc- 
ing movement,  would  always  cooperate  with  any  other  agency  that 
tended  to  work  in  the  same  direction,  or  to  develop  weakness  in  the 
resisting  power  of  the  continental  mass.  Cooperating  with  the  molecu- 
lar changes  concerned  in  rock  alteration,  this  pressure  would  tend  to 
give  the  rocks  lateral  extension  in  the  line  of  least  resistance.  Whether 
it  is  really  very  efifective  or  not,  it  is  at  least  a  constant  agency  tending 
to  produce  lateral  creep,  and  hence  to  cause  a  lowering  of  the  surface 
of  the  continents,  a  rise  of  the  surface  of  the  sea,  and  therefore  a  spread- 
ing of  the  ocean  waters. 

We  have  considered  this  point  on  the  basis  of  the  present  relative 
heights  of  the  continents  above  the  ocean  floor.  A  little  considera- 
tion will  show  that  we  are  not  likely  to  be  far  in  error  in  applying  simi- 
lar figures  to  the  Cambrian  continents,  for  if  the  volume  of  the  ocean 
was  then  not  far  from  what  it  is  to-day,  the  ocean  basins  must  have 
had  much  the  same  capacity  as  now,  and  as  the  continental  masses 
appear  to  have  had  much  the  same  area  as  they  now  have,  the  relief 
in  Cambrian  times  may  be  assmned  to  have  been  of  the  same  general 
order  of  magnitude  as  now.  It  may  at  least  be  assumed  to  have  been 
sufficiently  great  to  have  involved  these  considerations.  It  will  be 
seen  that  continental  spreading  or  creeping  will,  within  the  limits  of 
its  operation,  diminish  the  capacity  of  the  ocean  basins,  and  so  tend 
to  cause  the  waters  to  overflow  the  lands. 

No  attempt  is  here  made  to  definitely  estimate  the  efficiency  of 
this  agency,  but  some  considerations  which  bear  upon  it  may  be  cited: 
(10  It  cannot,  probably,  have  been  of  a  very  high  order,  or  it  would 
have  affected  adversely  the  perpetuation  of  the  continents  to  a  greater 
degree  than  the  record  indicates.  If  the  continental  rock-masses 
spread  with  anything  like  the  facility  that  continental  ice-masses  do, 
the  land  would  probably  have  been  completely  submerged  between 
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each  of  the  great  periods  of  body  deformation.  It  is  believed  that 
during  great  deformations  the  land  segments  are  squeezed  between 
the  ocean  segments,  and  forced  up  relatively  (Vol.  I,  pp.  542-551), 
and  that  the  perpetuation  of  the  continents  in  the  face  of  gradation, 
spreading,  etc.,  is  dependent  on  this  periodic  rejuvenation.  As  the 
periods  between  these  rejuvenations  of  the  contments  appear  to  have 
been  long,  the  lateral  creeping  action  must  have  been  slow  and  limited 
in  amount  relatively;  yet  it  may  have  counted  for  something  in  the 
lowering  of  the  surface,  and  in  the  spread  of  the  sea.  (2')  The  faulting 
of  the  land  areas  is  predominantly  of  the  tensional  type,  and  this  type 
is  hence  called  normal.  Just  how  this  type  of  faulting  came  to  be  a 
dominant  one,  is  an  outstanding  problem  of  geology.  It  may  have 
taken  place  in  part  during  the  periods  of  continental  compression; 
but  the  thrust  (reversed)  faulting  is  most  reasonably  referred  to  these 
periods,  and  it  is  not  easy  to  see  how  tension  faulting  could  have 
predominated  during  a  period  of  dominant  lateral  thrust.  If  tension 
faults  did  not  occur  abundantly  during  periods  of  compression,  they 
are  chiefly  to  be  referred  to  the  intervening  periods  of  quiescence  or 
relaxation,  and  the  spreading  of  the  continents  would  seem  to  fur- 
nish appropriate  conditions.  Normal  faulting  may  therefore  finally 
prove  to  be  an  evidence  of  a  glacier-like,  but  extremely  slow,  creep  of 
the  continental  masses.  (30  The  upper  portion  of  all  formations  com- 
posed of  non-plastic  rocks  is  afifected  by  crevices,  and  these  manifest 
a  nearly  universal  tendency  to  gap.  Taken  altogether,  the  amount 
of  gaping  thus  indicated  is  very  considerable,  even  when  allowance 
is  made  for  enlargement  by  solution  or  any  demonstrable  shrinkage. 
Cracking  and  spreading  of  this  kind  is  what  might  be  expected  if  the 
deeper  parts  have  crept  laterally  under  pressure,  just  as  similar  cracks 
open  and  widen  on  the  surface  of  asphalt  when  it  slowly  spreads  imder 
its  own  weight.  Without  affirming  that  this  is  the  explanation  of 
crevicing,  or  that  it  is  evidence  of  continental  spreading,  the  mutual 
fitness  of  the  two  is  worthy  of  consideration. 

(b)  Mutual  adjustment  of  continental  and  oceanic  segments. — (Con- 
tinental spreading  would  be  operative,  as  seen  above,  even  if  the  base 
plane  on  which  the  continent  may  be  conceived  to  rest  were  abso- 
lutely inflexible.  This,  however,  is  not  the  case,  and  there  is  need  now 
to  consider  whether  the  continents  might  not  sink  and  cause  the  ocean 
bottoms  to  rise  by  reciprocal  action,  like  the  two  arms  of  a  balance. 
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If  the  continental  segment*,  taken  as  deep  masses,  weighed  more  than 
the  equivalent  portions  of  the  sub-oceanic  segments,  they  would  have 
tended  to  settle  down  and  force  the  latter  up  imtil  they  reached  hydro- 
static equilibrium.  This  would  of  course  be  opposed  by  the  rigidity 
of  the  rock,  as  in  the  previous  case.  If  the  continental  segments  had 
a  lower  specific  gravity  than  the  oceanic  segments,  so  that  the  two  were 
in  essential  balance,  there  would  have  been  no  tendency  of  the  former 
to  sink,  though  the  tendency  to  spread,  as  discussed  above,  would  still 
remain. 

Pendulum  observations  seem  to  show  that,  on  the  whole,  the  con- 
tinental segments  are  now  in  approximate  hydrostatic  equilibrium 
with  the  oceanic  segments,  and  on  this  is  built  the  doctrine  of  isostasy, 
or  the  essentially  balanced  condition  of  the  earth's  crust,  notwith- 
standing the  inequalities  of  its  height.^  At  the  same  time,  pendulmn 
observations  seem  to  show  that  notably  elevated  regions,  as  for  example 
that  of  the  Cordilleran  tract,  stand  higher  than  they  would  if  they 
were  in  isostatic  balance.^  There  is  in  such  evidences,  and  in  other 
considerations  that  cannot  be  stated  with  sufficient  brevity  for  this 
place,  ground  for  thinking  that  during  profound  bodily  deformations 
the  continental  segments  may  be  pressed  up,  in  portions .  at  least, 
beyond  the  plane  of  equilibrium,  and  that  during  the  period  of  qui- 
escence that  follows,  they  tend  to  settle  back  to  the  equilibrium  plane. 

If  this  view  be  well  taken,  there  is  ground  for  believing  that  some 
portions  of  the  Cambrian  continents  were  pressed  up  beyond  the  plane 
of  isostatic  equilibrium  during  the  late  Proterozoic  deformations,  and 
that  they  slowly  subsided  during  the  long  Cambrian  period.  In  the 
nature  of  the  case,  such  a  movement  would  be  unsynmietrically  dis- 
tributed, and  the  result  would  be  manifested  in  slow,  quiet  warping. 
It  would  be  more  efficient  in  the  early  stages  of  the  quiescent  period 
than  later,  for  erosion  would  join  with  the  subsidence  to  relieve  the 
overweighting. 

(c)  Isostatic  adjustments  due  to  gradation. — If  the  continent  had  been 
in  isostatic  equilibrium  at  the  opening  of  the  Cambrian  period,  the  re- 

*  Dutton,  Greater  Problems  of  Physical  Geology,  Bull.  Phil.  Soc.  Washington, 
XI;  also  Am.  Jour.  Sci.,  Ill,  1874;  Woodward,  Mathematical  Theories  of  the  Eiarth, 
Vice-Pres.  Address,  Math.  Sect.  Am.  Assoc.  Adv.  Sci.,  1899;  also  Smithsonian  Rept. 
for  1890. 

'Putnam  and  Gilbert,  Bull.  Phil.  Soc.  Washington,  Vol.  XII,  pp.  31-75,  and 
Gilbert,  Jour,  of  Geol,  Vol.  Ill,  p.  331. 
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moval  of  matter  from  the  protruding  surfaces,  and  its  deposition  about 
the  borders  of  the  land,  would  have  disturbed  the  balance  and  caused 
some  tendency  to  warping;  for  even  if  the  body  of  the  earth  be  too 
rigid  to  be  sensibly  influenced  by  such  changes,  the  local  loading,  where 
deep  deposits  were  made,  would  somewhat  compress  the  rock  beneath, 
and  the  imloading,  where  the  surface  was  cut  away,  would  permit  their 
expansion.  Such  effects  would  obviously  be  limited  if  the  crust  is 
inflexible  to  such  moderate  stresses;  but  the  crust  is  sometimes  held 
to  be  responsive  to  very  moderate  loading  and  unloading.  The  general 
result  of  changes  of  level  brought  about  by  this  cause  would,  on  the 
whole,  be  opposed  to  submergence  of  the  land. 

{d)  Adjustments  due  to  thermal  changes  resulting  from  gradation. — 
The  unequal  erosion  and  deposition  of  the  period  tended  to  imequal 
loss  of  heat,  and  hence  to  imequal  contraction,  and  so  contributed 
slightly  to  superficial  warping.  The  general  effects  of  changes  brought 
about  in  this  way  would  have  been  opposed  to  those  brought  about  by 
isostatic  adjustments  due  to  gradation. 

{e)  Adjustments  due  to  thermal  changes  incident  to  diastrophism. — 
In  the  course  of  the  distortion  of  the  crust  attending  a  great  period  of 
diastrophism,  such  as  that  which  preceded  the  Cambrian  period,  un- 
equal temperatures  were  imdoubtedly  developed  in  the  compressed, 
contorted,  and  disrupted  masses,  and  these  tended  to  equalize  them- 
selves by  distribution  during  the  following  period  of  quiescence,  and 
this  doubtless  resulted  in  some  gentle  warping.  This  may  have  been 
a  contributing  cause  to  submergence. 

*(/)  Adjustments  due  to  easing  of  stresses. — So,  too,  in  the  process 
of  distortion,  unequal  stresses  must  certainly  have  been  developed, 
and  these  would  tend  to  ease  themselves  by  slow  changes  as  time  went 
on,  and  this  also  contributed  to  mild  warpings  and  slight  deformations. 
The  general  tendency  of  such  changes  was  probably  toward  a  lowering 
of  the  elevated  segments  of  the  earth. 

Without  attempting  to  make  the  list  entirely  exhaustive,  it  may  be 
remarked  that  here  is  a  group  of  changes  which  had  their  origin,  for 
the  greater  part,  in  previous  diastrophism,  and  which  probably  con- 
tinued to  slightly  modify  the  configuration  of  the  surface  for  a  long 
time  after  the  main  diastrophic  action  had  ceased.  They  may  have 
cooperated  with  the  gradational  process  through  the  Cambrian  period. 
They  miay  have  interfered  with  the  base-leveling  process  in  some  measure, 
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and  may  have  notably  modified  it  locally;  but,  on  the  whole,  because 
they  aided  in  lowering  the  continents,  they  assisted  in  the  general 
transgression  of  the  sea,  the  great  fact  to  be  explained. 

If  these  agencies  are  adequate,  it  is  imnecessary  to  appeal  to  the 
more  occult  and  periodic  forces  that  affect  the  profounder  deforma- 
tions of  the  earth.  More  particularly  is  this  true  because,  as  already 
noted  in  passing,  the  usual  effects  of  these  profounder  agencies  are  of 
the  opposite  character.  Their  normal  work  appears  to  be  to  deepen 
the  ocean  basins,  to  withdraw  the  epicontinental  seas,  to  compress 
the  continents  laterally,  and  to  increase  their  protuberances. 

The  general  tenor  of  these  considerations,  taken  in  connection  with 
the  sedimentary  record  of  the  period,  favors  the  view  that  from  the 
beginning  to  the  close  of  the  Cambrian,  there  was  general  quiescence, 
so  far  as  the  profounder  phases  of  bodily  deformation  were  concerned, 
and  that  gradation  (degradation  of  the  land,  and  aggradation  of  the 
sea  bottom)  was  a  principal  cause  of  the  transgression  of  the  sea,  and 
that  the  transgression  thus  brought  about  was  attended  and  modified 
by  superficial  warpmgs  and  deformations.  These  deformations  were, 
for  the  most  part,  of  the  milder  kind,  and  due  to  a  series  of  minor  re- 
adjustments springing  largely  from  previous  diastrophism,  together 
with  incidental  causes  of  a  superficial  nature.  Locally,  they  seem  to 
have  been  somewhat  pronoimced,  as  indicated  by  the  great  local  thick- 
nesses of  the  Cambrian  sediments,  but  as  will  be  seen  later  (p.  257)  the 
common  interpretation  of  these  great  thicknesses  may  be  called  into 
question,  at  least  to  the  extent  of  notably  reducing  the  amount  of 
deformations  which  they  have  been  assumed  to  imply. 

The  base-leveling  movement,  attended  by  further  sea-transgres- 
sion, continued  to  be  the  dominant  feature  of  the  earlier  portion  of  the 
next  period. 

Basis  for  the  Subdivision  of  the  Cambrian. 

We  have  now  to  inquire  the  means  by  which  the  Cambrian  strata 
may  be  recognized,  and  further  the  means  by  which  the  Lower  Cam- 
brian may  be  distinguished  from  the  Middle,  and  the  Middle  from  the 
Upper.  In  other  words,  how  is  it  known  that  the  strata  shown  in 
sections  18-26,  of  Fig.  96,  are  Cambrian,  and  how  is  it  known  that  they 
are  Upper  Cambrian,  as  distinct  from  Lower  and  Middle. 

Stratigraphic  relations. — From  what  has  gone  before,  it  is  evident 
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that  the  stratigraphic  relations  of  a  formation  with  the  formations 
next  beneath  do  not  necessarily  determine  its  age.  As  the  sections 
show,  the  Lower,  the  Middle,  and  the  Upper  Cambrian  strata  in  turn 
rest  unconformably  upon  pre-Cambrian  rocks.  Just  as  the  Upper  Cam- 
brian overlaps  the  earlier  formations  of  the  period,  resting  uncon- 
formably on  the  pre-Cambrian,  so  any  later  formation  might  overlap 
the  Upper  Cambrian  and  sustain  similar  relations  to  the  Proterozoic 
and  Archean  systems.  It  follows  that  where  one  formation  is  uncon- 
formable on  another  of  known  age,  the  stratigraphic  relations  between 
them  do  not  determine  the  age  of  the  younger,  beyond  the  general 
fact  that  it  is  younger  than  the  base  on  which  it  rests.  If,  on  the  other 
hand,  a  formation  is  conformable  on  another  of  known  age,  the  pre- 
sumption is  strong  that  the  upper  succeeded  the  lower  without  inter- 
ruption. If  this  inference  be  correct,  the  approximate  age  of  the  upper 
is  known.  But  even  here  there  is  possibility  of  error.  If,  after  a 
formation  is  deposited,  the  sea  bottom  where  it  lies  is  brought  above 
water  level  without  deformation  of  the  beds,  and  if  the  elevation  be 
so  slight  as  not  to  permit  of  much  subaerial  erosion  on  the  newly  emerged 
surface,  it  might  be  submerged  at  a  later  time  and  receive  a  new  series 
of  deposits,  the  beds  of  which  would  be  stratigraphically  conformable, 
or  approximately  so,  with  those  below.  It  is  clear,  therefore,  that  the 
answer  to  the  question  proposed  in  this  paragraph  is  not  alwa5rs  to  be 
found  in  the  stratigraphy  of  the  formations  concerned.  The  complete 
answer  involves  as  well  a  consideration  of  the  fossils  which  the  forma- 
tions contain. 

Fossils. — It  has  been  stated  that  life  existed  in  the  preceding  eras. 
Yet  in  the  Proterozoic  formations,  fossils  are  exceedingly  rare,  though 
it  does  not  follow  that  life  was  sparse  during  their  deposition.  When, 
after  the  lapse  of  the  long  interval  between  the  deposition  of  the  yoimg- 
est  Proterozoic  and  the  oldest  Cambrian  strata,  as  known  in  most  parts 
of  North  America  where  detailed  geological  work  has  been  done,  the 
waters  again  advanced  over  the  land  surface,  making  the  deposits  which 
are  now  known  as  Cambrian,  they  teemed  with  life.  As  the  sediments 
were  deposited,  the  shells  or  such  other  hard  parts  as  the  animals  pos- 
sessed, were  buried  in  the  gathering  sands  and  muds,  and  some  of  them, 
or  the  impressions  which  they  made,  remain  to  this  day.  The  Cambrian 
is  therefore  the  oldest  known  system  of  rocks  which  contains  abundant 
fossils. 
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The  fossils  in  the  strata  of  any  division  of  the  Cambrian  constitute 
the  known  fauna  of  that  stage.  The  fossils  found  probably  do  not 
represent  the  full  fauna  of  any  stage,  since  it  is  hardly  to  be  supposed 
that  relics  of  all  species  have  been  preserved.  The  term  fauna  has  both 
a  geographic  and  a  geologic  significance.  The  Upper  Cambrian  faima 
includes  all  forms  of  animal  life  of  the  Upper  Cambrian  epoch,  while 
the  Upper  Cambrian  faima  of  New  York  includes  only  those  forms  which 
lived  in  that  region  at  that  time. 

With  the  possible  exception  of  the  Atlantic  coast  region,  notably 
Newfoundland,  the  oldest  known  part  of  the  Cambrian  sjrstem  contains 
certain  fossils  which  are  distinctive.    Among  them  are  the  species  of  a 
genus  of  trilobites  known  as  OleneUus  (Fig.  118  a,  p.  281).    Along  with 
the  representatives  of  the  genus  Olenellus,  there  are  many  other  species 
of  various  types  of  life.    To  the  aggregate,  the  name  Olenellus  fauna  ^ 
has  been  given.    It  is  not  to  be  imderstood  that  representatives  of  the 
genus  Olenellus  itself  are  found  at  all  points  where  the  lower  part  of 
the  Cambrian  system  is  present,  or  that  other  genera  of  trilobites  are 
absent.    Wherever  Olenelli  are  found,  various  species  of  other  genera 
of  trilobites  occur,  as  well  as  various  species  of  genera  of  other  groups 
of  animals,  and  wherever  these  other  species  of  the  Olenellus  faima  are 
found,   the  Olenelli  themselves  may  be  expected.    Geologists   have 
very  generally  agreed  to  regard  the  base  of  the  formations  containing 
the  Olenellus  fauna  as  the  base  of  the  Cambrian  system  ;2   this  defi- 
nition of  the  base  of  the  sjrstem  has  been  found  applicable  both  in 
America  and  Europe,  and  in  both  continents  the  Olenellus  fauna  is 
the    oldest    known   abundant    fauna.     Conformable   beds   which    lie 
below  the  Olenellus  horizon,  and  whose  character  gives  evidence  that 
they   were  deposited   immediately  preceding  the  Olenellus  beds  and 
under  the  same  general  conditions,  are .  better  classed  as  Paleozoic 
than  as  Proterozoic,  and  they  may  be  tentatively  referred  to  the  Cam- 
brian. 

As  time  went  on,  the  inhabitants  of  the  sea  changed.  Where  the 
Cambrian  formations  represent  a  sufficiently  long  interval  of  time, 
the  fossils  in  the  lower  beds  are  not  altogether  like  those  above.  At  n(» 
single  plane  is  there,  as  a  rule,  a  very  notable  change  in  species,  but 

*  For  a  general  discussion  of  the  Olenellus  fauna,  see  Walcott,  Tenth  Ann.  Rept. 
U.  S.  Geol.  Surv. 

» Walcott,  Bull.  81,  U.  S.  Geol.  Surv. 
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in  successively  higher  beds  some  of  the  species  found  below  disappear, 
and  new  species  come  in,  as  if  to  take  their  places. 

Where  the  full  system  of  the  Cambrian  is  presented,  the  Olenellua 
faima  is  found  to  be  restricted  to  its  lower  portion.  So  strictly  is  this 
true,  that  (with  the  possible  exception  of  Newfoundland,  see  p.  245) 
the  rocks  containing  the  Olenellus  faima  are  regarded  as  constituting 
the  Lower  Cambrian.  Olenellus  Cambrian  therefore  becomes  synon- 
omous  with  Ltower  Cambrian  and  with  Georgian. 

At  about  that  stage  in  the  Cambrian  system  where  the  genus  Olenel- 
lus drops  out,  the  genus  Paradoxides  appears;  this  is  at  least  true  for 
Newfoundland  and  Europe.  The  other  species  of  fossils  associated 
with  the  genus  Paradoxides  are  somewhat  dififerent  from  those  asso- 
ciated with  the  genus  Olenellus,  and  many  of  them  have  a  wider  range 
than  the  Paradoxides.  The  Paradoxides  and  its  associates  constitute 
the  Paradoxides  fauna,  a  fauna  which  includes  many  species  of  other 
genera  of  trilobites,  and  many  species  of  other  classes  of  animals  not 
related  to  trilobites.  By  general  agreement,  the  Middle  Cambrian  of 
the  regions  specified  is  defined  by  the  Paradoxides  fauna,  so  that  Para- 
doxides Cambrian,  Middle  Cambrian,  and  Acadian  are  synonomous 
terms.  The  Paradoxides  fauna  is  so  unlike  the  Olenellus  fauna  that  the 
two  may  be  distinguished  by  those  familiar  with  fossils.  In  the  western 
part  of  North  America,  the  Middle  Cambrian  series  does  not  contain 
fossils  of  the  genus  Paradoxides,  but  its  faima  is  none  the  less  distinct 
from  that  of  the  Lower  Cambrian  series. 

In  like  manner  the  Paradoxides  (or  other  Middle  Cambrian  fauna) 
is  succeeded  by  another,  known  as  the  Olenits  or  Dikellocephalus  fauna, 
and  this  fauna  characterizes  the  series  of  strata  which  overlie  the  Middle 
Cambrian.  Geologists  have  agreed  to  define  the  Upper  Cambrian  as 
the  series  of  strata  carrying  the  Olenus  or  Dikellocephalus  fauna.  This 
definition  is  found  to  be  applicable  to  Europe  as  well  as  to  America. 

It  is  not  to  be  understood  that  every  species  of  the  Paradoxides  or 
other  Middle  Cambrian  fauna  is  unlike  every  species  of  the  Olenellus 
fauna  below  and  the  Olenus  faima  above.  This  is  by  no  means  true; 
but  so  many  of  the  forms  of  the  three  faunas  are  different,  that  with 
a  considerable  number  of  species  to  judge  from,  their  separation  is 
possible. 

In  the  discrimination  of  any  of  these  faimas  an  analogy  with 
living  animals  is  suggested.    The  present  faunas  of  North  and  South 
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America  are  reasonably  distinct;  but  it  does  not  follow  that  there  are 
no  species  in  common.  Given  a  single  animal,  even  an  expert  might 
not  be  able  to  say  that  it  was  from  the  one  continent  or  from  the  other, 
though  with  certain  species  even  this  might  be  done;  but  if  a  large 
niunber  of  animals  from  either  continent  were  available,  it  would  be 
possible  to  determine  to  which  continent,  that  is,  to  which  geographic 
fauna,  they  belonged.  So  with  the  several  Cambrian  faunas.  They 
have  some  species  in  common,  and  the  conmion  species  do  not  serve 
to  distinguish  them,  or  the  groups  of  strata  which  contain  them,  from 
one  another.  But  certain  species  are  found  only  in  the  Lower,  certain 
other  species  only  in  the  Middle,  and  still  others  only  in  the  upper  part 
of  the  system,  and  these  species  serve  to  distinguish  the  principal  divi- 
sions. If  but  few  fossils  are  present,  and  these  not  of  decisive  species, 
the  several  members  of  the  system  may  not  be  separable  one  from 
another  on  paleontological  groimds.  Once  the  succession  of  faunas 
is  established — Olenellus  below,  Paradoxides  in  the  middle,  and  Dikel- 
locephalus  above — it  is  customary  to  refer  all  rocks  which  contain  the 
Olenellus  fauna  to  the  Lower  Cambrian,  all  which  contain  the  Para- 
doxides fauna  to  the  Middle  Cambrian,  and  all  which  contain  the  Olenus 
or  Dikellocephalus  fauna  to  the  Upper  Cambrian. 

Sequence  of  faunas  based  on  stratigraphy. — It  is  not  to  be  under- 
stood that  rocks  which  contain  such  faunas  are  classed  together  simply 
because  they  contain  certain  fossils.  This  is  not  the  principle,  or  at 
least  not  the  only  or  the  fundamental  prmciple,  which  causes  them  to 
be  grouped  together.  The  order  of  sequence  of  faunas  is  first  determined 
by  the  superposition  of  the  strata.  The  Olenellus  faima  could  not  be 
known  to  be  older  than  the  Paradoxides  fauna,  if  the  beds  containing 
the  former  were  not  known  to  imderlie  beds  containing  the  latter.  It 
is  likewise  because  of  their  superposition  that  the  rocks  containing  the 
Upper  Cambrian  fauna  are  known  to  be  younger  than  those  containing 
the  Middle  Cambrian  fauna;  in  other  words,  the  basis  for  correlation  by 
means  of  fossils  mtist  necessarily  be  straiigraphic. 

Once  the  succession  of  faunas  is  established,  the  fossils  become  a 
most  important  aid  in  correlation,  and  frequently  afford  the  only  basis 
for  it.  It  should  be  remembered,  however,  that  the  classing  of  rocks 
of  different  regions  together  under  the  name  of  Lower  Cambrian  means, 
not  primarily  that  they  contain  the  same  fossils,  but  that  they  are 
believed  to  have  been  deposited  at  about  the  same  time,  and  since  the 
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succession  of  faunas  in  different  regions  is  believed  to  be  in  a  general 
way  the  same,  likeness  of  fossils  in  the  formations  of  different  regions  is 
thought  to  be  evidence  of  their  approximate  contemporaneity.  Fossils, 
therefore,  are  but  a  means  to  an  end,  so  far  as  the  correlation  of  strata 
is  concerned.  It  is  not  to  be  inferred,  however,  that  the  Olenellus 
fauna  ceased  to  exist  at  exactly  the  same  time  in  different  regions  of 
the  same  continent,  much  less  in  different  continents,  and  the  variations 
from  a  true  chronological  classification  which  the  correlation  by  fossils 
involves  cannot  be  avoided. 

Upper  limit  of  the  Cambrian  system. — Not  only  have  the  three 
principal  faunal  stages  of  the  Cambrian  been  agreed  upon,  but  it  has 
been  further  agreed  to  draw  the  division  line  between  the  Cambrian 
system  and  that  which  overlies  it  at  the  horizon  where  the  Olenus  fauna 
ends.  The  upper  limit  of  the  Olenus  fauna  is  therefore  the  upper  limit 
of  the  Cambrian  system,  and  corresponds  in  time  with  the  end  of  the 
Cambrian  period. 

At  first  thought  this  division  may  seem  arbitrary,  but  in  reality 
it  is  not  without  a  natural  basis.  The  Upper  Cambrian  formations 
are  occasionally  imconformable  beneath  the  next  succeeding  ones, 
and  in  such  places  the  division  is  a  natural  one.  Much  more  commonly, 
the  next  system  is  conformable  with  the  Upper  Cambrian;  but  even  in 
conformable  series,  the  faunal  changes  are  more  rapid  in  some  parts 
than  in  others,  and  the  horizon  where  the  Olenus  fauna  ends  is  one 
where  these  changes  are  relatively  abrupt.  The  horizons  of  rapid 
change  in  the  character  of  the  fossils  may  represent  times  of  geographic 
changes,  from  which  changes  in  sedimentation  and  life  resulted. 
Throughout  geological  history  great  faunal  changes  have  followed 
changes  in  the  relations  of  land  and  sea. 

Fig.  97  will  help  to  make  clear  the  principles  here  set  forth.  The 
vertical  space  of  the  diagram  may  be  taken  to  represent  the  Cambrian 
system,  and  a  part  of  the  system  next  above.  The  fauna  found  at  the 
bottom,  a,  imdergoes  gradual  change  in  the  overlying  beds  up  to  the 
horizon  b.  In  the  beds  next  following,  b  to  c,  the  faunal  changes  are 
more  rapid,  and  these  beds  represent  the  transition  from  the  Lower 
to  the  Middle  Cambrian.  From  c  to  d  the  Middle  Cambrian  fauna  is 
found,  though  undergoing  gradual  change  with  successive  beds.  Be- 
tween d  and  e  the  changes  in  the  fossils  are  again  more  marked,  and 
these  beds  represent  the  transition  from  the  Middle  Cambrian  to  the 
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Upper.  From  e  to  /  the  Upper  Cambrian  fauna  is  found.  Between 
/  and  g  the  faimal  changes  are  again  more  rapid  and  more  profound 
than  between  h  and  c,  or  d  and  e.  Since  the  changes  at  this  horizon 
are  greater  than  at  the  other  correspondmg  horizons  below,  the  faunas 
above  and  below  fg  are  referred,  not  to  different  epochs  of  the  same 
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Fig.  97. — ^Diagram  to  illustrate  classification  based  on  unequally  rapid  transitions  of 
faunas.  The  fossils  of  the  strata,  6c,  de,  and  fg  record  more  rapid  changes  of  life 
than  the  strata  a6,  cd,  and  ef.  be  represents  the  transition  from  Lower  Cambrian 
to  Middle  Cambrian;  dc  from  the  Middle  Cambrian  to  the  Upper  Cambrian,  and  fg 
from  the  Upper  Cambrian  to  the  Ordovician.  ab,  cd,  and  ef  represent  Lower 
Middle,  and  Upper  Cambrian  respectively.  ' 

period,  but  to  differeat  periods.  The  beds  between  /  and  g  therefore 
represent  the  transition  from  the  Upper  Cambrian  to  the  next  succeed- 
ing, or  Ordovician  fauna. 

A  few  years  since,  question  was  raised  concerning  the  accuracy  and  sim- 
plicity of  the  interpretation  *  of  the  Cambrian  sketched  above.    One  of  the  ques- 
tions concerned  the  equivalence  of  the  so-called  Olenellus  fauna  of  Newfoundland 
and  Europe,  and  those  of  the  Hudson-Champlain  valley  and  the  western  part 
» Matthew,  Am.  Geo!.,  Vol  XIX,  1897,  p.  395. 
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of  North  America.  The  Olenelli  of  Newfoundland  and  Europe  were  thought 
to  be  so  different  from  the  Olenelli  of  most  of  North  America  (see  Fig.  118,  p. 
281)  as  to  be  more  properly  referred  to  another  genus  (Holmia).  and  the  Holmia 
fauna,  as  a  whole,  was  thought  to  be  simpler  than  the  Olenellus  fauna,  and  there- 
fore perhaps  older.  Furthermore,  the  distinct  Paradoxides  fauna  is  found  only 
in  those  regions  where  the  Holmia  fauna  occurs;  it  is  not  in  immediate  asso- 
ciation with  the  commoner  types  of  Olenellus.  The  stratigraphic  relations  of 
the  types  of  Olenellus  and  Paradoxides  faunas  therefore  is  not  established,  if 
the  Holmia  and  Olenellus  faunae  he  not  one.  Question  has  also  been  raised  as 
to  the  contemporaneity  of  the  Middle  Cambrian  fauna  of  the  larger  part  of 
North  America,  and  the  Paradoxides  fauna  of  Europe. 

In  the  Hudson-Champlain  valley  the  Olenellus  fauna  appears  to  have  lived 
on  until  the  advent  of  the  Dikellocephalus  fauna.  No  well-marked  Middle 
Cambrian  fauna  intervenes,  though  sedimentation  seems  to  have  been  uninter- 
rupted. 

The  questions  which  have  been  raised  may  lead  to  some  minor  modification 
of  former  views,  but  do  not  seem  likely  to  change  them  fundamentally,  or  to 
lead  to  very  different  opinion  concerning  the  course  of  the  physical  history  of 
the  continent  in  the  Cambrian  period.  They  seem  to  make  two  interpretations 
possible.  The  one  is  that  the  Holmia  fauna  of  Europe  and  Newfoundland  was 
contemporaneous  with  the  Olenellus  fauna  of  North  America.  According  to 
this  view,  they  are  one  geologically  (chronologically),  but  somewhat  distinct 
geographically.  In  this  case  it  would  not  be  strange  that  the  succeeding  faunas 
were  also  somewhat  unlike,  the  Paradoxides  fauna  succeeding  the  Holmia  in  one 
region,  and  the  Middle  Cambrian,  \vithout  the  genus  Paradoxides,  succeeding 
the  Olenellus  fauna  elsewhere.  The  geographic  diversity  may  have  been  as 
great  in  the  Middle  as  in  the  Early  Cambrian.  According  to  this  view,  the 
Olenellus  fauna  of  the  Hudson-Champlain  valley  may  have  been  contempora- 
neous with  both  the  Holmia  and  the  Paradoxides  fauna  of  the  region  farther 
east.  A  Holmia  has  been  found  in  Pennsylvania,  but  a  partial  barrier  between 
Newfoundland  and  the  Hudson-Champlain  valley,  is  supposed  to  have  prevented 
free  mingUng  of  the  contemporaneous  Holmia  and  Olenellus  faunas.  It  must 
be  further  supposed  that  the  causes  which  brought  about  a  change  from  the 
Early  to  the  Middle  Cambrian  faunas,  both  to  the  east  and  to  the  west,  did  not 
produce  like  results  in  the  Champlain  valley,  since  the  Lower  Cambrian  (Olenellus) 
fauna  lived  on.  None  of  these  assumptions  are  in  violation  of  principles  which 
are  believed  to  have  been  in  operation  throughout  geological  history. 

The  alternative  interpretation  is  that  the  Holmia  fauna  is  really  older  than 
the  Olenellus  proper,  and  that  the  Olenellus  of  the  west  and  of  the  Hudson- 
Oiamplain  valley  may  have  been  contemporaneous  with  the  Paradoxides  of 
the  east.  According  to  this  interpretation,  the  Paradoxides  fauna  of  Newfound- 
land may  have  been  contemporaneous,  at  least  in  part,  with  the  Olenellus  fauna 
of  New  York  and  with  the  Olenelliis  and  Middle  Cambrian  faunas  of  the  west. 
Like  the  last,  this  interpretation  does  not  violate  known  principles  of  life  develop- 
ment, for  two  distinct  faunas  in  one  region  may  have  been  contemporaneous 
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with  one  fauna  elsewhere,  where  the  causes  of  biological  change  were  notably 
less.    Between  these  interpretations,  the  former  now  seems  the  more  probable. 

Sedimentation  in  the  Cambrian  Period, 

Sedimentation  in  the  Cambrian  period  appears  to  have  followed 
the  general  laws  that  govern  deposition  in  periods  of  comparative 
freedom  from  great  deforming  movements,  and  hence  of  progressive 
base-leveling.  While  at  all  stages  there  was  doubtless  some  accumu- 
lation of  sediment  on  land-areas  and  in  land-waters,  the  chief  sedi- 
mentation was  in  the  sea,  and  the  area  of  sedimentation  may  be  regarded 
as  corresponding  approximate!)''  to  the  area  of  the  sea.  In  general, 
the  rate  of  sedimentation  was  probably  faster  in  the  early  stages  of 
the  period  when  the  land-area  was  largest  and  probably  highest,  and 
slower  in  the  later  stages  after  the  land  surface  had  been  lowered  by 
erosion,  and  narrowed  by  the  encroachment  of  the  sea.  Geographically, 
the  rate  was  probably  more  rapid  near  the  land,  and  less  rapid  farther 
from  the  shores  in  deeper  water,  in  accordance  with  general  law;  but 
possible  exceptions  to  this  are  to  be  recognized  at  those  stages  when 
very  extensive  and  shallow  epicontinental  seas  had  been  developed 
by  gradational  processes,  continental  spreading,  etc.,  for  in  such  seas 
deposition  far  from  shore  perhaps  kept  close  pace  with  that  near  shore, 
and  may  even  in  some  cases  have  exceeded  it. 

Sources  and  kinds  of  sediments. — As  in  other  geologic  periods, 
the  land-derived  sediments  came  from  the  various  formations  then 
exposed  to  erosion,  the  larger  part  from  those  which  were  undergoing 
the  most  rapid  degradation.  The  sediments  gathered  along  the  im- 
mediate borders  of  the  land  were  generally  different  from  those  being 
deposited  farther  out  at  sea,  but  this  difference  was  less  marked  as 
broad  shallow  epicontinental  seas  were  developed,  for  in  such  seas 
the  conditions  were  more  nearly  equal  over  wide  areas.  The  deposits 
in  the  abysmal  depths  of  the  ocean  were  of  course  notably  different 
from  those  of  the  terrigenous  belt,  but  none  of  the  former  are  known  to 
be  now  exposed.  Even  along  shore  there  were  considerable  variations, 
both  because  of  variations  in  the  character  of  the  formations  giN^ng 
rise  to  the  sediments,  and  because  of  the  differences  in  wave,  river, 
and  current  action. 

The  Cambrian  formations  include  all  conunon  phases  of  sedimentary 
rocks.    There  are  conglomerates,  presumably  accumulated  near  the 
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shores  of  the  time;  there  are  sandstones,  the  sand  of  which  was  de- 
posited in  shallow  water  where  the  waves  were  sufficiently  vigorous 
to  keep  the  mud  from  settling;  shales  representing  the  deposits  made 
in  stiller  or  deeper  water;  and  beds  of  limestone  representing,  for  the 
most  part,  the  accumulations  of  shells,  etc.,  in  regions  to  which  ter- 
rigenous sediments  were  not  carried  in  quantity.  On  the  whole,  the 
proportion  of  limestone  is  greater  in  the  upper  part  of  the  system  than 
in  the  lower,  and  toward  the  south  and  southeast,  rather  than  in  other 
regions. 

Geographic  variations  in  the  sediments. — The  distribution  of  these 
various  sorts  of  sedimentary  rocks,  shows  that  various  kinds  of  detrital 
beds  were  accimiulating  in  different  places  at  the  same  time,  and  at 
the  same  place  at  different  times.  Thus  in  the  vicinity  of  Quebec, 
the  Cambrian  system  is  represented  by  5000  to  6000  feet  of  shale. 
Between  the  Adirondack  and  the  Green  mountains  there  are  3000  to 
5000  feet  of  shale  overlying  1000  feet  of  limestone,  and  some  of  the 
limestone  appears  to  be  the  time-equivalent  of  some  of  the  shale  of 
Quebec.  In  Washington  County,  N.  Y.,  the  Cambrian  strata  are 
10,000  or  12,000  feet  thick,  the  upper  and  greater  portion  being  of 
slate  (formerly  shale)  and  sandstone,  while  the  lower  and  thinner  part 
(1400  feet)  is  limestone.  Farther  south,  the  system  is  composed  chiefly 
of  shale  (or  slate)  and  sandstone  (or  quartzite).  In  Tennessee  and 
North  Carolina  there  are  great  thicknesses  of  quartzite  overlain  by 
shales.  In  Georgia  and  Alabama,  the  thickness  of  the  system  is 
something  like  10,000  feet,  the  strata  being  made  up  of  shale  and 
sandstone  with  some  limestone. 

In  the  southern  part  of  the  Appalachian  region,  the  general  order 
of  deposition  was  sandstone,  followed  by  shale,  and  that  by  a  small 
amoimt  of  limestone.  In  Virginia,  where  the  system  is  3400  feet  thick, 
it  is  chiefly  made  up  of  shale,  which  rims  down  well  toward  its  base. 
North  of  Virginia,  as  far  as  New  York  and  Vermont,  there  seems  to 
have  been  a  great  variety  of  sediment,  including  many  beds  of  limestone 
near  the  base  of  the  system.  Since  throughout  most  of  the  Appalachian 
belt,  all  divisions  of  the  Cambrian  are  represented,  it  is  evident  from 
the  above  statements  that  while  limestone  was  forming  in  one  region, 
sandstone  and  shale  were  forming  in  others,  and  ince  versa.  If  the 
sequence  of  beds  in  the  Appalachian  region  be  compared  with  that  in 
other  regions,  they  are  found  to  vary  widely.     Thus  the  Upper  Cambrian 
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of  the  interior  is  mainly  sandstone,  while  that  of  the  southern  Appa- 
lachians is  shale  and  limestone.  Similar  variations  are  encountered 
everywhere.  They  are  indeed  so  prevalent  that  there  is  no  sufficient 
reason  for  assuming  that  the  Upper  Cambrian  of  one  region  is  repre- 
sented by  sandstone,  because  that  is  the  formation  of  the  corresponding 
time  elsewhere. 

Not  only  were  beds  of  sediment  of  different  sorts  accumulated 
at  the  same  time  in  different  places,  but  they  were  accumulated  at  very 
different  rates,  as  suggested  by  the  sections  in  Fig.  96.  It  should  be 
borne  in  mind  persistently  in  the  study  of  all  stratified  formations, 
that  equal  thicknesses  of  rock  do  not  necessarily  accumulate  in  equal 
periods  of  time.  The  full  section  of  the  Middle  Cambrian,  that  is,  all 
that  was  deposited  during  the  whole  of  the  Middle  Cambrian  epoch, 
seems  to  be  present  at  many  points,  yet  the  thickness  of  the  Middle 
Cambrian  strata  is  far  from  uniform. 

The  Lower  and  Middle  Cambrian  sediments  of  the  Appalachian 
belt  appear  to  have  been  deposited  in  a  narrow  interior  sea,  or  in  bays, 
which  lay  between  the  pre-Cambrian  rocks  just  east  of  the  present 
mountains  and  the  great  interior  land  area  to  the  west  (Fig.  90).  The 
beds  accimiulated  in  this  narrow  interior  sea  are  such  as  to  indicate 
that  the  water  was  shallow,  in  spite  of  the  fact  that  the  deposits  are 
estimated  to  have  a  thickness  of  several  thousand  feet.  Thb  apparent 
contradiction  may  be  the  result  of  an  exaggerated  estimate  of  thickness, 
or,  if  the  estimated  thicknesses  are  correct,  it  may  be  explained  by 
supposing  that,  as  the  sediments  were  laid  down  in  the  shallow  water, 
the  bed  on  which  they  gathered  sank  about  as  rapidly  as  they  accumu- 
lated, so  that  the  whole  series,  from  bottom  to  top,  was  deposited  in 
shallow  water;  or  the  beds  may  have  been  built  out  from  the  shore 
in  sloping  attitudes,  their  upper  parts  being  always  in  shallow  water. 
In  the  later  part  of  the  Cambrian  period,  the  narrow  Appalachian  sea 
of  the  earlier  epochs  had  become  a  part  of  the  wider  sea  (Pig.  95) 
which  covered  much  of  North  America,  but  the  water  remained 
shallow. 

The  Cambrian  formations  along  the  North  Atlantic  coast  (New 
England  and  north)  are  such  as  to  indicate  that  the  sediments  accumu- 
lated near  shore  and  in  shallow  water,  that  during  their  accumulation 
there  were  frequent  oscillations  of  level,  but  that,  on  the  whole,  the 
sea  gradually  gained  on  the  land.    The  distribution  of  the  formations 
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in  this  region  indicates  that  the  deposits  were  made,  in  many  cases,  in 
narrow  arms  of  the  sea,  surrounded,  or  nearly  smrounded,  by  high 
lands  composed  of  older  formations.  Limestone  is,  however,  not 
altogether  wanting  (Fig.  98).  The  fossils  of  this  region  indicate  that 
a  land  barrier  existed  to  the  east,  in  the  region  which  is  now  covered 
with  water,  shutting  off  the  region  where  the  known  strata  accumulated 
from  free  connection  with  the  open  sea  in  this  direction.  They  are 
also  thought  to  indicate  that  the  waters  in  which  the  sediments  of  this 


Fig.  98. — Nodular  limestone.  Lower  Cambrian,  from  the  east  side  of  Smith  Point, 
Smith  Somid,  Trinity  Bay,  Newfoimdland.     (Walcott,  U.  S.  Geol.  Surv.) 


region  accumulated  were  not  in  free  communication  with  those  in  which 
the  sediments  of  the  Appalachian  region  were  laid  down. 

The  fact  that  in  the  northern  interior  of  the  United  States  the 
Upper  Cambrian  formation  is  generally  of  sandstone,  and  that  this 
sandstone  is  wide-spread,  indicates  that  the  water  was  so  shallow  during 
its  deposition  that  the  waves  were  competent  to  transport  sand  for 
long  distances.  Furthermore,  the  structure  of  the  strata,  with  their 
cross-bedding  (Fig.  99)  and  ripple  marks,  shows  that  the  whole  series, 
so  far  as  seen,  was  deposited  in  shallow  water,  and  therefore  on  a  base 
which  was  gradually  submerged  as  the  sediments  were  accumulated. 
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In  ot b^fT  wor-i^.  iLe  structure  of  the  formation  confirms  the  c<mclusion 
drawn  from  the  dL-inb'j:ijn  of  the  Upper  Cambrian,  that  it  was 
<lepoi?ite«J  in  an  aJvancii*g  sea. 

The  greater  portion  of  limestone,  chiefly  dolomite,  in  the  Upi)er 
Camljrian  series  of  the  southern  and  southeastern  interior,  points  to 
clearer  seas,  but  not  necessarily  to  deep  ones.  The  adjacent  lands 
were  perhaps  too  low  to  \Tell  abim^lant  sediment.    It  has  been  con- 


FiG.  99. — Cros»4jedded  Potsdam  sandstone,  Dells  of  the  Wisconsin.     (BUckwelder.) 

jectured,  but  not  proved,  that  the  limestone  of  the  interior  was  largely 
precipitated  from  solution.^  Limestone  is  also  an  important  i>art  of 
the  Upper  Cambrian  of  the  Rocky  Mountains,^  though  clastic  rocks 
predominate  farther  west.  WTiere  the  Upper  Cambrian  is  limestone, 
it  Is  not  asually  sharply  diflferentiated  from  the  overlying  Ordo\ician. 
Tills  Is  the  case  in  the  southern  Appalachians,^  as  well  as  in  Indian 
Territory,  Missouri,'*  and  Nevada.^ 

Variation  in   a  given  locality. — The  variations   in   the  conditions 
of  sedimentation  in  the  same  region  are  well  illustrated  by  the  sequence 

'  iririch  and  Schuchert,  loc.  cit.,  p.  637. 

M)aw8on,  Bull.  Geol.  Soc.  Am.,  Vol.  XII,  pp.  64-8. 

•Folios  U.  S.  Geol.  Surv.;    also  Prosser,  Jour.  Geol.,  Vol.  \TII,  p.  662. 

*Keyes,  Am.  Geol.,  Vol.  XXIX,  pp.  384-7. 

'King,  Geological  Exploration  of  the  Fortieth  Parallel,  Vol.  I. 
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of  beds  in  the  Upper  Cambrian  of  Wisconsin.  In  this  state  the  for- 
mation had  an  original  thickness  of  a  thousand  feet  or  so  (less  than  this 
at  its  original  margin),  though  within  the  area  where  it  is  now  exposed 
its  thickness  is  usually  less.  It  is  made  up  chiefly  of  sandstone,  is 
indeed  generally  known  as  the  Potsdam  sandstone;  but  it  is  much  less 
uniform  from  bottom  to  top  than  this  name  might  suggest.  The 
following  section  ^  represents  the  general  sequence  of  beds  in  the  south- 
central  part  of  the  State: 

Feet. 

6.  Sandstone  (Madison) 35 

5.  Limestone,  shale,  and  sandstone  (Mendota) 60 

4.  Sandstone,  calcareous 155 

3.  Bluish  shale,  calcareous 80 

2.  Sandstone,  slightly  calcareous 160 

1.  Very  coarse  sandstone,  non-calcareous 280 

The  second  division  of  the  series  from  the  bottom  suggests  either 
that  conditions  were  such  that  shell-bearing  life  was  rather  more  abun- 
dant than  at  first,  or  that  the  waters  were  more  highly  charged  with 
lime  carbonate.  The  third  division,  the  bluish  shale,  shows  that  the 
sediments  accumulating  where  this  section  occurs  were  finer  than  those 
which  preceded  or  followed.  This  might  mean  either  that  the  water 
was  here  temporarily  deeper,  or  that  the  land  from  which  the  sedi- 
ments were  being  derived  was  lower,  so  that  finer  sediment  only  was 
supplied.  The  fourth  division  represents  a  return  to  the  conditions 
favorable  for  the  accumulation  of  sand,  while  the  fifth  indicates  that 
conditions  had  so  changed  that  accumulations  of  sand  alternated 
with  those  of  mud  and  limestone.  Toward  the  close  of  the  period, 
there  was  a  return  to  conditions  favorable  for  the  deposition  of  sand. 
Even  this  does  not  represent  the  full  measure  of  the  variations,  for 
within  each  of  the  several  subdivisions  mentioned  there  are  minor 
variations.  These  are  often  brought  into  prominence  when  the  rock 
weathers  (Fig.  100).  Similar  variations  are  repeated  in  many  places 
for  comparable  thicknesses  of  rock,  and  each  change  in  sedimentation 
probably  indicates  a  change  in  the  geography  of  the  period. 

*  Geology  of  Wisconsin,  Vol.  I,  p.  259. 
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Igneous  Rocks, 

At  a  few  points  igneous  rocks  are  known  to  be  associated  with  the 
stratified  rocks  of  the  Cambrian  system.  This  is  true  in  some  parts  of 
Newfoundland  and  Massachusetts.  Igneous  rock  is  also  associated 
with  some  of  the  rocks  thought  to  be  Cambrian,  lying  west  of  the  north- 
ern continuation  of  the  Green  mountains.  Considerable  thicknesses 
of  igneous  rock  occur  west  of  the  Gold  ranges  in  British  Columbia.^ 


Fig.  100. — ^Figure  showing  ineoualities  of  lavera  as  shown  by  weathering, 
sandstone.  Dells  of  the  Wisconsin.     (At wood.) 


Potsdam 


It  is  not  always  possible  to  tell  whether  igneous  rocks  associated  with 
the  Cambrian  strata  were  erupted  in  the  Cambrian  period  or  at  some 
later  time. 


Distribution,  Thickness,  and  Outcrops  of  the  Cambrian  System. 

The  Cambrian  formations  were  once  as  wide-spread  as  the  Cambrian 
seas  themselves,  but  it  does  not  follow  that  they  now  exist  over  all  the 
areas  they  once  covered.  Where  exposed,  the  Cambrian  rocks  have 
suffered  erosion,  and  the  border  of  the  system,  as  it  now  appears  about 

>  Dawson,  Bui.  Geol.  Soc.  Am.,  Vol.  XII,  p.  85. 


THE  CAMBRIAN  PERIOD. 


253 


the  areas  of  pre-Cambrian  rock,  is  not  its  original  border,  and  does  not 
represent  the  shore-line  of  the  Cambrian  sea  when  its  waters  were 
most  wide-spread.    Fig.  101   represents   the   conditions   which  often 


Fig.  101. — Diagram  illustrating  the  relation  of  Cambrian  formations,  €,  to  older  rocka. 
The  diagram  suggests  that  the  Cambrian  formations  have  been  eroded  back  from 
the  original  margins;  thus  A  once  extended  to  A',  B  to  B\  C  to  C\ 

exist.    Each  of  the  Cambrian  formations,  represented  by  A,  B,  and  C, 
formerly  extended  farther  to  the  left. 

The  areas  where  the  Cambrian  formations  are  exposed  are  not  to 
be  confomided  with  the  areas  where  they  actually  exist.  In  Fig.  95 
both  these  classes  of  areas  within  the  area  of  North  America  are  repre- 
sented. The  Cambrian  formations  are  exposed,  for  example,  m  Wis- 
consm,  in  Missouri,  and  m  Texas;  but  the  strata  of  Texas  are  doubtless 
continuous  beneath  younger  formations  with  those  exposed  in  Missouri, 
and  those  of  Missouri  with  those  in  Wisconsin,  and  these  in  turn  with 
those  of  the  Black  Hills  on  the  west,  and  with  those  of  New  York  on 
the  east.    The  diagrammatic  section  shown  in  Fig.  102  suggests  the 


FiQ.  102. — Diagram  illustrating  the  general  relations  of  Cambrian  beds  in  the  interior. 
The  Cambrian,  €,  is  represented  as  appearing  at  the  extremes  of  the  diagram, 
and  as  dipping  below  yoimger  beds  between. 

relations  which  are  believed  to  exist.  By  far  the  larger  part  of  the 
surface  on  which  Cambrian  formations  were  deposited  was  afterwards 
covered  by  younger  formations.  In  so  far  as  these  overlying  formations 
have  not  been  removed,  the  Cambrian  formations  are  still  buried. 
This  is  doubtless  true  to  a  greater  extent  for  the  ocean  bottom  than 
for  the  continents. 

Position  of  outcrops. — ^The  study  of  the  maps  (Figs.  90  and  95) 
showing  the  areas  where  the  formations  of  the  Cambrian  system  are 
now  exposed  reveals  several  points  of  significance.  In  the  first  place, 
the  outcrops  of  the  formation  occur  for  the  most  part  in  association  with 
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the  Archean  and  Proterozoic  systems  (compare  Figs.  38  and  90).  In 
some  places,  the  exposed  Cambrian  borders  the  exposed  parts  of  these 
older  systems  on  one  side  only,  while  in  others  it  completely  surromids 
them.  Thus  in  the  Black  Hills  of  South  Dakota,  and  in  the  Bighorn 
moimtains  of  Wyoming  and  Montana  (Fig.  94),  the  Cambrian  forma- 
tions, as  now  exposed,  completely  encircle  areas  of  pre-Cambrian  rock. 
In  New  York,  Wisconsin,  Texas,  and  British  Columbia  the  Cambrian 
beds  nearly  encircle  areas  of  older  rocks,  while  in  various  other  places, 
the  Cambrian  appears  in  linear  belts  along  the  sides  of  areas  where  the 
rock  is  of  greater  age.  This  distribution  is  not  peculiar  to  the  Cambrian, 
but  is  characteristic  of  most  formations  as  compared  with  those  of 
greater  age. 

The  areas  of  Cambrian  rock  in  the  Appalachian  mountains  ^  are  in 
contrast  with  the  foregoing.  Here  the  exposed  Cambrian  formations 
are  not  confined  to  the  immediate  borders  of  pre-Cambrian  rocks,  but 
occur  in  parallel  or  sub-parallel  belts  (Fig.  95).  This  is  the  result  of  (1) 
the  folding  to  which  the  Cambrian  and  later  strata  of  this  region  have 
been  subject,  and  (2)  the  erosion  which  the  folds  have  suffered.  Fig.  103 
will  help  to  explain  the  repetition  of  outcrops.  In  this  diagram,  A 
represents  pre-Cambrian  strata,  -G  represents  the  Cambrian,  and  0, 
Sy  D,  and  C  the  Ordovician,  Silmian,  Devonian,  and  Carboniferous 
systems,  respectively.  After  strata  are  folded,  erosion  may  cut  them 
down  to  any  extent.  The  trxmcation  of  a  fold  below  the  level  of  the 
Cambrian  leads  to  the  exposure  of  two  belts  of  that  system,  one  on 
either  side  of  a  pre-Cambrian  axis,  as  represented  in  the  left-hand  part 
of  the  figure.  If  the  truncation  was  at  a  level  below  the  top,  and  above 
the  bottom  of  the  Cambrian  (right-hand  side  of  Fig.  103),  the  strata  of 
that  system  are  exposed  in  a  single  belt  along  the  crest  of  the  fold.  If 
parallel  folds  of  imequal  height  occur,  their  truncation  might  give  rise 
to  two  belts  of  surface  Cambrian  in  some  cases,  and  in  others  to  but  one, 
as  illustrated  by  the  figure. 

^  For  details  concerning  the  Cambrian  sj'stem  of  the  Appalachians;  see  the  fol- 
lowing folios  of  the  U.  S.  Geol.  SunM  Gadsden,  Ala.  (Hayes);  Ringgold,  Ga.-Tenn. 
(Hayes);  EstiUeville,  Ky.-Va.-Tenn.  (Campbell);  Briceville,  Tenn.  (Keith);  Chat- 
tanooga, Tenn.  (Hayes);  Cleveland,  Tenn.  (Hayes);  Kingston,  Tenn.  (Hayes);  Knox- 
ville,  Tenn,-N.  C.  (Keith);  Maynardville,  Tenn.  (Keith);  Morristown,  Tenn.  (Keith); 
Pike\'ille,  Tenn.  (Hayes);  Bristol,  Va. -Tenn.  (Campbell);  Harper's  Ferry,  Va.-Md.- 
W.  Va.  (Keith);  Monterey,  Va.-W.  Va.  (Darton);  Pocahontas,  Va.-W.  Va.  (Campbell); 
Staunton  and  Tazewell,  Va.-W.  Va.  (Campbell). 
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In  some  other  places,  Cambrian  outcrops  are  surrounded  by  older 
formations.    This  is  the  case,  for  example,  in  some  places  in  the  prov- 


Fio.  103. — ^Diagram  showing  the  positions  of  outcrops  as  determined  by  folds.  The 
anticline  at  the  right  is  represented  as  having  been  truncated  in  such  a  way  as  to 
expose  the  Cambrian,  €,  m  a  single  belt.  The  anticline  to  the  left  has  been  cut 
so  as  to  expose  pre-Cambrian  formations,  A, beneath,  and  the  Cambrian,  ^.outcrops 
in  two  belts,  one  on  either  side  of  the  older  formation. 

inces  of  Mackenzie  and  Athabasca  in  Canada.^  In  such  cases  the 
Cambrian  outcrops  presumably  represent  remnants  which  have  escaped 
erosion.  Theoretically,  they  might  occupy  depressions  in  the  surface 
of  pre-Cambrian  formations,  or  they  might  constitute  hills  (Fig.  104). 


Pre.€ 


C ^ ! *:__! ^      '         ^       '        ^       ^        \     ^ ^ C 1 


Fio,  104. — Figure  to  illustrate  the  occurrence  of  Cambrian  in  isolated  areas  surrounded 
by  older  formations.  The  diagram  illustrates  two  ways  in  which  such  isolated 
areas  may  occur. 

Again,  more  or  less  circular  areas  of  exposed  Cambrian  are  locally 
surrounded  by  the  outcrops  of  younger  formations,  as  at  some  points 

^  Po5t.-C  Pre<:_ 


Pre-C^^ 


Fia.  105. — ^Diagram  illustrating  how  an  isolated  area  of  Cambrian  may  be  surrounded 
or  bordered  by  younger  formations. 

west  of  Hudson  bay.     An  explanation  of  such  areas  is  suggested  by 
Fig.  105. 

*  Geological  map  of  the  Dominion  of  Canada,  Western  sheet,  edition  of  1901 
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Width  of  outcrops. — Certain  other  principles  of  geological  cartog- 
raphy are  illustrated  by  the  outcrops  of  the  Cambrian  system.  The 
most  extensive  continuous  outcrops  (Fig.  95)  are  in  Wisconsin,  and 
yet  in  that  State  the  Upper  Cambrian  only,  with  a  thickness  of  less  than 
1000  feet  (see  Fig.  96)  is  present,  while  in  the  Appalachian  mountains, 
where  the  Upper,  Middle,  and  Lower  Cambrian  are  all  present,  with  an 
aggregate  thickness  of  several  thousand  feet,  the  system  appears  at  the 
surface  in  narrow  belts  only.  That  is,  the  outcrops  are  narrow  in  the 
east  where  the  system  is  thick,  and  wide  in  the  interior  where  it  is  thin. 
From  Fig.  95  it  is  also  seen  that  in  various  parts  of  Nevada,  Utah, 
Montana,  and  British  Columbia,  where  the  system  is  many  times  as 
thick  as  in  Wisconsin,  the  outcrops  of  the  system  are  much  narrower. 

The  explanation  of  this  apparent  anomaly  is  to  be  found  primarily 
in  the  attitude  of  the  strata.  In  Wisconsin  they  are  nearly  horizontal, 
while  in  the  moimtain  regions,  both  east  and  west,  they  are  tilted,  often 
at  high  angles.  Where  the  strata  are  vertical  or  nearly  so,  the  width  of 
their  outcrop  on  a  horizontal  siuf  ace  is  about  the  same  as  the  thickness 
of  the  beds,  as  shown  in  Fig.  103  and  the  right-hand  side  of  Fig.  106. 
Where  they  are  nearly  horizontal,  as  in  the  left-hand  side  of  Fig.  106 


Fig.  106. — ^Diagram  illustrating  the  influence  of  dip  on  the  width  of  outcrop.  The 
Cambrian  beds,  €,  to  the  left  have  a  much  wider  outcrop  than  the  Cambrian  beds 
to  the  right,  though  the  thickness  is  the  same. 

the  width  of  the  outcrop  is  much  greater.  Thus  in  the  Appalachian 
mountains,  where  the  thickness  of  the  strata  is  locally  as  much  as  two 
miles,  their  high  inclination  reduces  their  outcrop  to  a  narrow  belt, 
while  the  corresponding  strata  in  Wisconsin,  less  than  1000  feet  thick, 
but  nearly  horizontal,  have  a  much  wider  outcrop. 

It  is  not  to  be  inferred,  however,  that  horizontal  strata  necessarily 
determine  a  wide  outcrop.  The  width  of  the  outcrop  is  also  influenced 
by  topography,  as  shown  in  Fig.  107.  Here  the  horizontal  stratum 
between  B  and  C  has  about  the  same  thickness  as  C  of  Fig.  106,  but 
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a  much  narrower  outcrop.  In  general,  the  width  of  outcrop  for  a 
formation  of  given  thickness,  so  far  as  determined  by  topography, 
depends  on  the  angle  between  the  bedding-planes  and  the  surface  where 
the  formation  outcrops.  The  width  of  the  outcrop  decreases  as  this 
angle  increases. 

In  an  area  such  as  Wisconsin,  it  is  not  to  be  supposed  that  the  edge 
of  the  Cambrian,  as  it  laps  up  on  older  formations,  represents  the  most 
advanced  shore-line  of  the  Cambrian  sea.  The  sea  doubtless  extended 
farther  up  on  the  older  land,  depositing  sands  and  other  sediments  on 
its  surface;  but  in  the  long  periods  of  erosion  which  have  ensued,  the 
edge  of  the  formation  as  originally  deposited  has  been  destroyed  (Fig. 
101).  Except  in  those  cases  where  strata  are  absolutely  vertical  or 
horizontal  (and  few  strata  occupy  either  of  these  positions),  the  low- 


Fio.  107. — ^Diagram  illustrating  the  effect  of  topography  on  the  width  of  the  outcrop. 

ering  of  the  surface  by  erosion  must  always  shift  the  position  of  the 
outcrop  of  any  formation,  and  almost  always  in  its  direction  of  dip. 

Thickness. — ^Reference  has  already  been  made  to  the  thickness  of 
the  Cambrian  system  in  some  parts  of  the  continent,  and  the  relative 
thickness  in  different  portions  of  the  continent  is  graphically  repre- 
sented by  the  sections  of  Fig.  96.  These  sections  show  the  thickness  to 
be  great  in  the  moimtain  regions  of  both  the  east  and  west.  In  the 
former  region,  the  system  attains  a  maximirai  known  thickness  of  about 
12,000  feet  (more  than  two  miles),  and  in  the  latter  of  something  like 
40,000  feet  ^  (west  of  the  Gold  ranges  in  British  (Columbia),  while  over  the 
interior  it  rarely  exceeds  1000  feet.  The  greater  thicknesses  were 
probably  accumulated  near  the  shores  of  relatively  high  lands,  where 
the  supply  of  sediment  was  great. 

Infirm  Deductions  from  Thickness. 

The  literature  of  geology  is  by  no  means  free  from  infirm  deductions 
based  on  the  reputed  thicknesses  of  sediments.    For  example,  when 
40,000  feet  of  beds  are  assigned  to  the  Cambrian  section  west  of  the 
» Dawson,  Bull  GeoL  Soc.  Am.,  Vol.  XII,  pp.  62  and  64-8. 
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Gold  range,  or  50,000  feet  to  the  Keweenawan,  and  when  these  systems 
show  signs  of  deposition  in  comparatively  shallow  water,  it  is  commonly 
inferred  that  the  bottom  of  the  basin  of  deposition  sank  during  the 
deposition  to  an  amoimt  corresponding  approximately  to  these  great 
thicknesses.  Now  these  are  depths  much  greater  than  the  deepest 
parts  of  the  oceans.  Moreover,  they  are  depths  where  high  tempera- 
tures should  be  experienced,^  and  where  the  pressure  should  exceed 
the  elastic  limit  of  all  known  rock  (estimated  at  about  30,000  feet),* 
and  all  crevices  and  pores  should  be  obliterated  and  the  rock  particles 
pressed  into  complete  continuity,  and  highly  metamorphosed.  In  the 
face  of  these  rather  startling  inferences,  two  attitudes  have  developed. 
On  the  one  hand,  the  correctness  of  the  measurements  or  estimates  of 
these  great  thicknesses  has  been  questioned,  as  the  basal  parts  of  the 
thick  series  do  not  show  these  effects.  On  the  other  hand,  accepting 
the  measurements,  in  the  main,  far-reaching  theories  relative  to  crusted 
deformations  and  internal  dynamics  have  been  built  upon  the  supposed 
deep  depression  of  the  surface.  It  is  therefore  important  to  inquire 
whether  the  fundamental  assimiption  involved  is  correct,  viz.,  that 
the  thickness  of  a  series  of  beds  deposited  in  a  body  of  water  is  a  true 
measure  of  the  depth  of  the  basin  receiving  the  deposits,  or  of  the 
amount  of  its  depression  while  receiving  them. 

One  phase  of  the  case  may  be  clearly  seen  by  consulting  Fig.  108, 
in  which  the  usual  conditions  for  the  deposition  of  sediments  on  the 
border  of  a  continent  are  represented.  When  the  sea  covers  the  con- 
tinental shelf,  deposition  takes  place  both  on  it  and  on  the  slope  to  the 
abysmal  depths  of  the  ocean,  and  very  slightly  on  the  deep  bottom  of 
the  ocean.  When  the  sea  is  withdrawn  from  the  surface  of  the  conti- 
nent, the  shore  stands  near  the  upper  edge  of  the  abysmal  slope.  That 
this  has  recently  been  the  case  is  shown  by  river-channels  that  extend 
across  the  upper  surface  of  the  present  continental  shelf,  and  have  their 
termini  on  the  upper  border  of  the  abysmal  slope.  The  main  deposition 
is  then  on  the  slope,  while  slight  deposition  continued  on  the  abysmal 
bottom.  As  deposition  on  these  abysmal  slopes  has  gone  on  through- 
out the  whole  history  of  the  ocean  basins,  very  extensive  series  of  beds 
have  been  laid  down.    Because  of  the  different  attitude  of  the  sea  to 

*  See  Dana's  Manual,  pp.  451  and  469. 

'  Van  Hise  and  Hoskins,  16th  Ann.  Rept.  U.  S.  Geol.  Surv.,  also  this  work,  VoL  I 
pp.  218,  219. 
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the  slope,  the  deposits  have  doubtless  varied  much  in  character.  They 
were  doubtless  laid  down  fastest,  and  were  coarsest,  when  the  shore 
stood  on  the  slope,  as  it  has  recently  done,  and  as  it  probably  has  usually 
done  after  periods  of  body  deformation  when  the  seas  were  withdrawn 
more  fully  than  usual  within  the  oceanic  basins,  and  when  the  conti- . 
nents  were  hence  more  protuberant  and  gradation  more  active.  On 
the  other  hand,  when  the  thin  edge  of  the  sea  lapped  over  the  border 
of  the  continent,  the  deposition  on  the  abysmal  slope  was  doubtless 
slower  and  the  deposits  were  composed  of  finer  material,  forming  shale 
or  limestone.  These  details  are  merely  to  emphasize  the  persistent 
nature  of  the  deposition  on  the  abysmal  slopes,  and  its  varied  character. 
The  upper  portion  of  the  deposit  on  the  abysmal  slopes  took  place 
normally  in  rather  shallow  water,  and  from  its  exposed  position  this 
upper  portion  must  always  have  been  especially  subject  to  the  action 
of  ocean  currents  and  tidal  waves  which  tended  to  give  it  the  character- 
istics of  agitated  water-deposits,  which  we  usually  interpret  as  shallow 
water  deposits. 

The  abysmal  slope  usually  dips  from  2°  to  5°  and  hence  these  are 
about  the  deposition  angles  of  the  beds  laid  down  on  it.    Now  when 


Fig.  108.— Diagram  of  a  series  of  beds  formed  on  the  abysmal  slope  of  a  continent, 
or  in  similar  situations,  showing  that  the  thickness  as  usually  measured  is  not 
dependent  on  the  depth  of  the  basin,  and  that  a  thick  series  does  not  necessarily 
imply  subsidence,  even  when  the  exposed  portions  of  it  show  evidences  of  sliallow- 
water  deposition  at  various  horizons.  A,  border  of  the  continent,  or  rim  of  the 
basin;  J8,  border  of  the  depositional  area;  C,  ocean-level;  D,  ocean-bottom  previous 
to  deposition;  S,  slope  of  abysmal  basin  at  the  l>eginning  of  deposition;  rlF,  sur- 
face developed  by  erosion  after  emergence;  L,  beds  depasited  in  sloping  attitude; 
EFG,  triangle  by  which  the  thickness  of  the  series  is  measured;  FG^  computed 
thickness  of  beds.  When  compared  with  CD,  the  depth  of  the  basin,  a  marked 
difference  will  be  seen,  and  it  will  be  obvious  that  the  difference  will  vary  with 
the  length  of  EF, 

these  beds  have  become  accessible  by  deformation  and  trimcated  by 
erosion,  they  are  measured  along  the  surface,  which  may  be  represented 
by  the  line  EF,  Fig.  108.  There  are  two  common  modes  of  measurement: 
(1)  The  beds  are  measured  individually,  or  by  groups,  at  right  angles 
to  the  bedding-planes,  and  the  sum  of  the  whole  ascertained;   or  (2) 
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the  average  dip  of  the  beds  is  taken  and  the  distance  across  the  trun- 
cated edges,  EF^  is  measured  and  the  thickness  of  the  whole  computed 
by  trigonometry.  The  angle  at  G  being  a  right  angle,  the  angle  PEG  and 
the  side  EF  being  known,  the  length  of  FG  is  readily  ascertained,  and 
this  is  the  thickness  of  the  series,  as  usually  measured  when  the  thick- 
ness is  great.  By  comparing  the  line  GF,  representing  the  thickness 
of  the  series,  with  the  line  CD,  the  depth  of  the  ocean,  a  marked  difference 
will  be  seen.  Moreover,  consideration  will  show  that  the  difference 
may  vary  indefinitely,  and  that  there  is  no  necessary  relation  between 
the  two.  If  the  line  EF  be  short,  as  it  would  be  if  the  series  had  not 
been  built  far  out,  the  thickness  FG  would  be  less  than  the  depth  of  the 
ocean,  CD]  but  if  the  line  EF  be  long,  as  it  would  be  if  deposition  were 
continued  sufficiently,  the  thickness  of  the  series,  FG,  would  be  pro- 
portionately increased,  while  CD  might  remain  constant.  In  other 
words,  the  thickness  of  the  series  may  vary  from  any  fraction  of  the  depth 
of  the  basin  to  any  multiple  of  it,  within  certain  limits  imposed  by  the 
width  of  the  basin. 

Similar  considerations  reveal  a  discrepancy  between  the  vertical 
measurement  and  the  thickness  of  the  beds  deposited  subaerially.  For 
example,  the  thickness  of  the  beds  of  a  typical  volcanic  cone  is  less 
than  the  height  of  the  cone  which  they  form,  as  will  be  seen  from  Fig.  109. 
Lava-flows  poured  forth  on  heights,  and  congealing  as  they  spread  out 
upon  the  slopes  below,  may  give  rise  to  series  of  great  aggregate  thick- 
ness, without  implying  any  contemporaneous  sinking  or  other  crustal 
change.  Clastic  beds  formed  by  slope-wash  may  become  interleaved 
between  these  lava-flows  without  implying  subsidence.  In  this  case, 
the  horizon  of  wash  is  shifted  to  higher  and  higher  positions  in  the  series 
(not  necessarily  to  higher  altitudes),  but  the  series  of  beds  is  not  lowered. 
In  the  case  of  the  Kcwcenawan  system,  a  congelation  or  deposition 
slope  of  5°,  extended  horizontally  a  little  over  one  hundred  miles,  or 
about  half  across  the  Keweenawan  basin,  as  it  may  have  been  before 
compression,  would  give  the  estimated  thickness  (see  p.  192).  To 
explain  the  present  attitude,  it  is  necessary  to  suppose  that  the  series 
was  compressed  laterally,  so  that  the  beds  were  upturned  and  somewhat 
sheared  upon  one  another  (Fig.  110).  A  greater  upturning  must  of 
course  be  supposed,  if  the  alternative  view  is  taken  that  the  beds 
were  originally  strictly  horizontal. 

It  is  not  here  affirmed  that  this  is  the  explanation  of  the  great  ap- 
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parent  thickness  of  the  Keweenawan  series,  certainly  not  that  it  is 
the  whole  explanation,  though  it  seems  to  throw  important  light  on  it. 
The  point  here  made  is  merely  that  great  apparent  thickness  may 
and  does  arise  in  this  way,  and  that  inferences  and  doctrines  that 
overlook  this  fact  have  an  insecure  basis. 

In  the  case  of  such  sedimentary  beds  as  are  formed  on  mountain 
slopes^  the  sides  of  intermontane  valleys,  or  in  other  situations  where 


Fio.  109. 

A 


Fio.  109a. 
Figs.  109  and  109a. — Diagrammatic  illustration  of  relation  of  thickness  of  beds  to 
height  of  accimiulation  in  the  case  of  volcanic  cones.     AB,  height  of  cone;   CB, 
aggregate  thickness  of  layers,  which  is  obviously  less  than  AB. 

there  is  an  appreciable  deposition  angle,  the  thickness  of  the  beds  varies 
indefinitely  in  comparison  with  the  vertical  range  of  the  deposit. 

Delta  deposits  furnish  especially  good  illustrations  of  the  point 
under  discussion,  and  delta  deposits  have  probably  been  elements  in 
the  deposits  of  all  the  great  periods,  though  not  always  readily  recog- 
nizable in  their  buried  condition.  If  the  Amazon  were  to  build  out  a 
delta  200  miles,  the  ocean  bottom  remaining  absolutely  immovable 
at  an  average  depth  of  four  miles  below  the  surface,  and  the  deposition 
angle  were  to  be  on  the  average  2°,  the  computed  thickness  of  the  series, 
according  to  current. methods  of  measurement,  would  be  about  seven 
miles.  If  the  delta  were  built  out  1000  miles,  the  computed  depth 
would  be  thirty-five  miles.  In  a  lake  100  miles  wide  and  1000  feet  deep, 
in  which  the  deposition  angle  was  3°  on  the  average,  and  in  which  the 
filling  grew  outward  from  each  shore  fifty  miles,  meeting  in  the  center, 
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the  thickness  of  the  series  on  each  side,  measured  by  the  above  stan- 
dard method,  would  be  13,800  feet,  no  change  at  all  in  the  bottom  or 
the  surface  of  the  lake  being  assumed.  If  the  Nile  should  fill  up  the 
eastern  end  of  the  Mediterranean,  the  Danube  the  Black  sea,  and  the 
Mississippi  the  Gulf  of  Mexico,  with  no  essential  change  in  the  bottoms 
of  the  basins  or  the  surfaces  of  the  water-bodies,  series  of  beds  of  pro- 
digious thicknesses,  as  thicknesses  are  commonly  estimated,  would  be 
the  result.  The  usual  changes  in  the  sea-bottoms,  changes  of  both 
upward  and  downward  phase,  might  take  place  during  the  process  of 
filling,  \^ithout  seriously  affecting  the  result. 


Fia.  110. — ^Diagrammatic  section  illustrating  the  assigned  change  of  attitude  of  a 
series  of  beds,  like  the  Keweenawan,  from  an  original  depositional  inclination, 
to  a  more  highly  inclined  attitude,  a  comparatively  simple  change.  If  the  beds 
were  laid  down  horizontally  in  a  sinking  basin,  as  illustrated  at  the  right,  it  is 
obvious  that  a  greater  and  a  more  complicated  movement  would  be  necessary  to 
bring  the  beds  into  the  attitude  represented  in  the  lower  figure  at  the  left,  which 
represents  the  present  attitude  of  tne  Keweenawan  beds. 

Dwelling  on  these  aspects  of  the  case,  we  almost  reach  the  con- 
clusion that  the  thickness  of  a  series  of  beds,  as  we  usually  measure 
thicknesses  where  they  are  great,  is  independent  of  the  depth  of  the  basin. 
This,  howcv3r,  is  pushing  the  case  too  far,  for  the  considerations  that 
have  been  urged  apply  only  to  deposition  of  the  kinds  specified,  i.e., 
deposition  on  appreciable  slopes.  When  deposition  takes  place  by 
strict  superposition  in  horizontal  attitudes,  the  usual  inference  of  a 
correspondence  between  the  depth  of  the  basin,  or  the  sinking  of  its 
bottom,  and  the  thickness  of  the  series,  holds  good.  Moreover,  when 
the  beds  above  and  below  are  accessible,  or  penetrable  by  borings 
such  as  wells,  over  large  areas,  the  vertical  depth  of  deposition  may  be 
conclusively  ascertained.  This  is  usually  the  case  with  the  deposits 
of  the  broad  shallow  epicontinental  seas.  In  them,  oblique  deposi- 
tion is  usually  a  minor  phenomenon.  But  the  deposits  of  the  shallow 
epicontinental  seas,  laid  down  on  plane  surfaces,  should  not  be  confused 
with  the  deposits  built  out  on  the  border  slopes  of  the  deep  basins. 
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Applying  these  considerations  to  the  varying  thicknesses  of  the 
Cambrian  beds,  it  is  to  be  observed  that  any  deep  portion  of  the  seas, 
not  simply  the  ocean  border,  which  was  filled  from  the  side  by  a  gradual 
building  out  on  the  slopes,  was  liable  to  develop  a  thickness  of  beds 
clisproportional  to  the  depth  of  the  water.  At  the  same  time,  the 
superposition  of  great  sheets  of  sediments  covering  broad  epiconti- 
nental areas,  as  those  of  the  interior  in  late  Cambrian  time,  was  probably 
rendered  possible  only  by  a  change  in  the  relation  between  the  sea- 
bottom  and  the  sea-surface.  This  change  probably  consisted  in  part 
in  a  raising  of  the  sea-surface  by  sea-filling,  and  in  part  in  the  sinkmg 
of  the  surface  on  which  the  sediments  were  deposited. 

The  apportionment  of  the  relative  influence  of  these  several  factors 
in  the  development  of  the  observed  thicknesses  of  rock  is  a  difficult 
matter,  requiring  a  careful  study  of  all  available  sources  of  evidence  to 
be  found  in  the  character  of  the  deposits,  in  their  relations  to  over- 
lying and  underlying  formations,  and  in  the  topography  of  the  Cam- 
brian sea-bottom,  so  far  as  it  can  be  reconstructed.  Unless  the 
interpretation  can  be  made  with  great  assurance  of  correctness,  in- 
ferences as  to  cnistal  movements  based  simply  on  the  thicknesses  of 
deposits  may  well  be  entertained  with  reserve,  and  doctrines  based 
on  extreme  subsidence  inferred  from  these  thicknesses  may  well  be 
regarded  as  lacking  a  firm  basis. 

Selected  Sections. 

The  following  sections  of  the  Cambrian,  at  widely  separated  points,  give  some 
idea  of  the  range  of  the  system  both  as  to  thickness  and  kinds  of  rock,  and  there- 
fore of  the  variations  in  the  conditions  and  in  the  rate  of  sedimentation. 

Section  in  Southeastern  Newfoundland.* 


ThickneninFeet. 

Characteristics. 

h 

if 

i 

476 

1426 

720 

150 

5 

1045 

Brown  and  black  micaceous  shales,  with  gray  micaceous 
sandstones;  Bell  island ,  Concepcion  bay. 

Red  and  green  sandstones  and  slates,  with  calcareous  beds  at 
the  base. 

Kelly's  Island  sandstones  and  shales,  containing  a  few 
fucoids. 

Black  slate  or  shale;   Middle  Cambrian  fossils. 

Dark-gray  limestone. 

Red,  green,  and  black  slates  or  shales;  Middle  Cambrian  fos- 
sils. 

Walcott  (section  after  Murray),  Bull.  81,  U.  S.  Geol.  Surv.,  pp.  257-8. 
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Section  in  Southeastern  Newfoundland. — Continued, 


Thickness  in  Feet. 

Characteristics. 

r         100 

Hard  thick  beds  of  gray,  and  fiometimee  reddish  limestone; 
Lower  Cambrian  fossils. 

250 

Red,  green,  and  blackish  argillaceous  slates. 

50 

Conglomerate  of  ManuePs  brook,  not  recognized  elsewhere. 

150 

Red  and  green  argillaceous  shales  or  slates. 
Red  and  flesh-colored  limestone;  obscure  fossils. 

A 

20 

T 

30 

Red  slate. 

1 

10 

Impure  limestone. 

40 

Red  slate. 

1 

750 

Red,  green,  and  gray  sandstones,  with  occasional  beds   of 

137 

conglomerate;  upper  beds  flaggy. 
Green  and  reddish-brown  or  purple  slates. 

3 

Impure  flesh-colored  limestone. 

10 

Green  slate. 

600 

Hard,  dark,  green-gray  thin-bedded  sandstones  with  slaty 

divisions. 

Unconfonnity. 

Proterozoic  and 

Archean. 

Strata  dip  at  low  angles. 

Section  in  Western  Vermont.* 


Names  of 
Fonnations. 

Thickness 
in  Feet. 

39 

[ 

3500  to  4500 
1700 

} 

[ 

50 
3500 

'  Georgian  shales . 

200 
190 

1 

Red      Sandrock 
series 

100 
475 
200 

35 

.   Base  unknown. 

CharacteristicB. 


Cut  off  by  a  fault  above. 

Arenaceous  shales. 

Massive  gray  limestone,  with  intercalated  bands 

of  hard  argillaceous  shale. 
Light-gray  quartzite. 
Argillaceous  shales;    occasional  thin  layers   of 

hard  gray  limestone;   numerous  fragments  of 

a  linguloid  shell. 
Argillaceous,  micaceous,  and  arenaceous  shales; 

numerous  Lower  Cambrian  fossils. 
Gray  arenaceous  limestone  in  rough,  massive 

layers,    passing    into    more    evenly    bedded, 

light -gray  arenaceous   limestone;    fossilifer- 

ous. 

Reddish-pink  dolomitic  limestone;  fossiliferous. 

Massive  gray  dolomitic  limestone. 

Steel-gray   dolomitic  limestone  with   bands    of 

mottled  limestone;  some  reddish  dolomite. 
Massive  bluish  gray  dolomitic  limestone,  with 

threads  and  bunches  of  yellowish-drab  sandy 

limestone  that  weathers  m  relief. 


Strata  dip  at  high  angles. 
»Walcott,  Bull.  81,  U.  S.  Geol.  Surv.,  pp.  277-280. 
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Names  of  Formations. 


Characteristics. 


4^ 

a 


"11 


Braintree  section. 
Discontinuity. 


North  Attleboro 
(belongs  below 
Braintree  section). 


Unconformity. 
Archean. 


Conglomerate  of  qnartzite  pebbles  and  sand- 
stone. 

Greenish-gray,  fine-grained,  siliceous  slates; 
Middle 'Cambrain  fossils. 


Thin-bedded  shales  which  occasionally  pass 
into  fine-grained  greenish  and  reddish  slates; 
a  few  b^  of  conglomerate  var3ring  from 
200  to  300  feet  in  thickness;  some  beds  con- 
tain Lower  Cambrian  fossils;  little  meta- 
morphosed. 


Strata  dip  at  high  angles. 


Section  in  Northern  New  Jerset.* 


Names  of  Formations. 


Thickness 
in  Feet. 


Characteristics. 


Trenton  formation. 
Unconformity. 


J5 

5l 


"21 


Upper  part  -= 
Lower  Ordovician, 

K  ittatinny  limestone. 

(Lower  part  — 
Lower  Cavibrian.) 

Hardiston  quartzite... 


2700  to  3000 


0  to  185 


Blue  or  gray,  sometimes  nearly  black  lime- 
stone, variable  in  texture,  composition, 
and  color:  arenaceous  at  base. 


Sandstone,  quartzite,  locally  arkose;  inter- 
calated beds  of  shale  and  dolomitic 
limestone;  Lower  Cambrian  fossils. 


Unconformity. 
Pre-Cambrian. 


Strata  gently  folded. 

The  published  sections  of  the  Cambrian  of  Texas  are  not  altogether  in  accord." 
The  Middle  and  Upper  Cambrian  series  are  represented  by  sandstone  and  lime- 


^Ibid.,  pp.  268-73;   and  10th  Ann.  Rept.  U.  S.  Geol.  Surv.,  p.  567. 

•Kiimmel  and  Weller,  Bull.  Geol.  Soc.  Am.,  Vol.  XII,  pp.  147-154. 

»  Walcott,  Bull  Geol.  Soc.  Am.,  Vol.  X,  p.  218;  10th  Ann.  Rept.  U.  S.  Geol.  Surv., 
p.  552;  Bun.  81,  U.  S.  Geol.  Surv.;  and  Am.  Jour.  Sci.,  Vol.  28  (1884),  pp.  431-33; 
and  Comstock,  First  Ann,  Rept.,  Geol.  Surv.  of  Texas,  1889,  pp.  285-292. 
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stone.  The  Lower  Cambrian  also  is  thought  by  Comstock  *  to  be  present.  It 
is  possible  that  the  Lower  Cambrian  is  present  at  some  points  and  not  at  others. 
The  Cambrian  is  unconformable  on  its  base,  and  according  to  Comstock '  there 
is  also  unconformity  between  the  three  main  subdivisions  of  the  Cambrian.  The 
thickness  varies  from  point  to  point,  the  published  sections  giving  600  to  1000 
feet  or  more.    Strata  nearly  horizontal. 

In  west  central  Colorado'  (Tenmile  region)  160  to  200  feet  of  white  quart zite, 
more  or  less  argillaceous  above,  represents  the  Cambrian  system.  The  forma- 
tion carries  Upper  Cambrian  fossils,  and  rests  on  the  Archean  unconformably. 
Strata  gently  folded. 

In  north-central  Utah*  (Tintic  region)  the  Cambrian  is  represented  by  the 
Tintic  quartzite,  which  has  a  thickness  of  some  7000  feet.  Since  this  quartzite 
is  not  known  to  carry  fossils,  and  since  it  is  conformably  overlain  by  Carbon- 
iferous formations,  it  may  not  all  be  Cambrian.    Strata  much  folded. 

In  the  Wasatch  Mountains  *  the  Cambrian  rests  conformably  on  the  Protero- 
zoic.  The  Lower  Cambrian  is  represented  by  slate  75  to  600  feet  thick.  This 
slate  is  overlain  by  the  thick  Ute  limestone,  1000  to  2000  feet  thick.  The  lower 
shaly  part  only  of  this  formation  contains  a  Middle  Cambrian  fauna,  and  the 
Upper  Cambrian  fauna  is  not  known.  The  larger  part  of  the  Ute  limestone  is 
Ordovician,  and  its  top  may  be  Silurian.    Strata  much  folded  and  faulted. 

In  the  Rocky  mountains  of  Canada  the  following  Cambrian  section '  occurs : 


Names  of  series. 


Charaoteristics. 


Castle    Mountain 
series. 

Bow  River  series. 


Consists  of  limestone,  dolomites,  shales,  slates,  and  schists. 
The  lower  part  carries  Lower  Cambrian  fossils,  and  the 
uppermost  part  fossils  which  appear  to  be  Ordovician. 

Chiefly  argillites  with  some  sandstone,  quartzite,  and  con- 
glomerate. Lower  Cambrian  fossils  occur  3000  feet 
below  the  top. 


Summary  of  phjrsical  events  and  interpretations.  —  The  accumu- 
lation of  a  thick  series  of  beds  in  certain  regions  and  the  spreading 
of  a  relatively  thin  sheet  over  a  large  part  of  the  American  continent 
are  matters  of  positive  determination.  The  immediate  agency  by 
which  this  was  accomplished  is  found  in  the  wear  of  the  land  and  the 
deposit  of  the  debris  in  the  adjacent  seas.   The  remoter  agencies  that  fur- 


1  See  foot-note,  p.  221. 

'  Emmons,  Ten  Mile  (Colo.)  folio,  XJ.  S.  Geol.  Surv. 

*  Enmions,  Tower,  and  Smith,  Tintic  (Utah)  special  folio,  U.  S.  Geol.  Snrv. 

*  King,  Expl.  of  the  40th  Parallel,  Vol.  I,  p.  156;   Walcott,  Bull  81,  U.  S.  Geol. 
Surv.,  pp.  157-60.  and  p.  328. 

•McConnell,  Ann.  Rept.  Geol.  Surv.  of  Canada,  Vol.  II  (New  Series),  Pt.  D. 
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nished  the  conditions  under  which  the  erosion  and  the  deposition  took 
place  are  less  certain,  and  have  been  assigned  to  different  sources  by 
different  investigators.  The  preponderant  tendency  has  been  to  give 
a  leading  place  to  crustal  movement.  On  the  other  hand,  in  the  previ- 
ous discussion  a  preference  has  been  indicated  for  assigning  the  leading 
place  to  gradation,  and  for  attributing  such  deformations  as  obviously 
took  place  to  superficial  causes  that  were  largely  inherited  from  the 
Proterozoic  or  post-Proterozoic  diastrophism.  On  this  view,  the 
period  was  one  of  general  quiescence  and  almost  free  from  profoimd 
deformation.  This  interpretation  makes  the  Cambrian  a  period  of 
progressive  base-leveling,  modified  in  some  degree  by  superficial  de- 
formations. The  gradational  interpretation  has  the  merit  of  accom- 
modating automatically,  as  it  were,  the  erosion  that  fiu-nished  the 
material,  to  the  planation  that  provided  the  nearly  level  expanse  on 
which  the  broad  sheet  of  the  later  Cambrian  was  spread. 

Changes  in  the  Cambrian  sediments  since  their  deposition. — Since 
their  deposition,  the  sediments  of  the  Cambrian  system  have  undergone 


Fig.  111. — ^A  section  showing  the  relations  of  the  Cambrian  at  one  point  (near  Tintic) 
in  Utah.  €,  Cambrian;  C,  Carboniferous;  /rA,  rhyolite;  an,  andesite;  Pal, 
Pleistocene  fonnations.  Length  of  the  section,  about  6  miles.  (Emmons,  Tintic 
(Utah)  folio,  U.  S.  Geol.  Surv.) 

more  or  less  change.  In  most  regions  the  gravels,  sands,  and  muds 
have  been  compacted  and  cemented  into  conglomerates  and  sandstones 
and  shales  respectively.    In  some  places  the  cementation  of  the  sand- 


i^:()!:';/l.i;iM!ii:i/''i;:ii));,i/.„.i  1 1::,  i/^TTH 


Fio.  112. — Section  showing  relations  of  the  Cambrian  at  a  point  in  Montana.  j^, 
Archean;  A,  Proterozoic;  €,  Cambrian;  C,  Carboniferous;  D,  Devonian.  Length 
of  section,  about  20  miles.     (Weed,  Little  Belt  (Mont.)  folio,  U.  S.  Geol.  Surv .) 

stone  has  been  carried  so  far  as  to  convert  it  into  quartzite,  though 
this  is  not  the  rule.  Over  great  areas  in  the  interior  (Missouri,  Wis- 
consin, Texas,  etc.)  the  strata  still  remain  in  horizontal  or  nearly  hori- 
zontal position  (Figs.  102  and  107),  while  in  other  regions  they  have 
been  tilted  and  even  folded.    Where  close  folding  has  taken  place,  the 
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dynamic  action  involved  has  had  a  metamorphosing  effect  on  the  rocks. 
Thus  in  the  mountains  of  the  eastern  part  of  the  United  States  the 


FiQ.  113. — Section  showing  the  relation  of  the  Cambrian  in  the  Appalachian  moun- 
tains. The  strata  are  both  folded  and  faulted.  €.  Cambrian;  O,  Ordovician; 
S,  Silurian.  Len^h  of  section,  13  miles.  (Hayes,  Cleveland,  Tenn.  folio,  U.  S. 
Geol.  Surv.  Ordovician  and  Silurian  not  separated  in  original.) 

O  r   r     ^    ^i  ^B---  Al 


Fig.  114. — Section  showing  the  relations  of  the  Cambrian  at  another  point  in  the 
Appalachian  region  where  the  faulting  has  been  extreme.  Al,  Proterozoic;  €, 
Cambrian:  0,  Ordovician;  S,  Silurian.  Length  of  section,  about  SJ  miles. 
(Keith,  Harper's  Ferry,  Va.-Md.-W.  Va.  folio,  U.  S.  Geol.  Surv.  Ordovician  and 
Silurian  combined  in  original.) 

original  sandstones  have  been  converted  into  quartz  schists,  the  shales 
into  slates  and  schists,  and  the  limestones  into  marble  where  the  dynamic 


Fig.  115. — Section  showing  the  relations  of  the  Cambrian  at  a  point  in  Massachtisetts 
where  the  rocks  are  much  metamorphosed.  A,  Proterozoic;  €,  Cambrian;  O, 
Oniovician;  C,  Carf)oniferous;  T,  Triassic;  artif  amphibolite.  Length  of  sec- 
tion, about  11}  miles.     (Emerson,  Holyoke,  Mass.  folio,  U.  S.  Geol.  Surv.) 

movements  were  profoimd,  and  less  altered  where  the  folding  was 
simple.    Fig.  102  shows  the  general  position  of  the  Cambrian  strata 


Fio.  115a. — Section  showing  the  relations  of  Cambrian  and  other  formations  at  a 
point  in  Colorado  a  little  north  of  LeadviUe.  JXgiif  Arciiean;  i7«,  Cambrian 
(Sa watch  quartzite);  Cwir,  Carboniferous  (Maroon  formation);  Jw,  Jurassic 
(Wyoming  formation);   Ip  and  gp,  igneous  rocks.     (Emmons,  U.  S.  Geol.  Surv-.) 

(C)  over  much  of  the  interior.     Fig.   Ill  shows  their  position  and 
relations  in  the  vicinity  of  Tintic,  Utah;  Fig.  112,  at  a  point  in  Montana; 
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Figs.  113  and  114,  at  two  points  in  the  Appalachian  mountains;  and 
Fig.  115,  near  Holyoke,  Mass.  These  several  sections  give  a  fairly 
adequate  idea  of  the  present  position  and  relations  of  the  system.  In 
Figs.  102,  107,  and  112  the  structure  of  the  Cambrian  is  relatively 
simple  and  the  rocks  are  not  metamorphosed.  In  Fig.  103  the  beds 
are  gently  folded  and  erosion  has  discovered  the  Cambrian  beds  at  the 


Fig.  116. — Figure  showing  an  isolated  remnant  (a  dying  hill)  of  Potsdam  sandstone 
in  central  Wisconsin.     The  remnant  has  been  isolated  by  erosion . 

tops  of  the  anticlines.  The  rocks  are  not  metamorphic.  In  Fig.  113 
the  beds  are  more  crumpled  at  the  right,  and  faulted  as  well  as  folded 
at  the  left,  and  the  rocks  are  somewhat  metamorphic.  In  Fig.  114 
close  folding  and  faulting  are  represented,  and  the  metamorphism  of 
the  rocks  has  proceeded  farther,  though  not  to  extremes.  In  Fig.  115 
the  cnmipling  due  to  profound  dynamic  action  is  more  pronounced, 
and  here  the  rocks  are  highly  metamorphic. 

Close  of  the  Cambrian. — No  physical  changes  of  great  importance 
seem  to  have  marked  the  close  of  the  Cambrian  period  in  America. 
Nowhere  in  our  continent,  so  far  as  now  known,  were  mountains  made 
at  this  time,  and  nowhere  were  great  areas  of  sea-bottom  converted 
into  land. 
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Foreign  Cambrian. 

Europe.^ — ^The  only  continent  besides  North  America  which  has 
been  sufficiently  studied  to  allow  of  definite  portrayal  of  the  Cambrian 
formations,  is  Europe.  In  the  area  occupied  by  this  continent  there 
is  evidence  that  there  was,  as  in  North  America,  a  somewhat  wide- 
spread deformation  in  pre-Cambrian  time,  which  converted  large  areas 
into  land.  Further,  there  is  evidence  that  these  lands,  like  those  of 
America,  were  subjected  to  protracted  erosion  before  the  deposition  of 
the  oldest  known  Paleozoic  formations.  As  a  result,  the  Cambrian 
system,  where  its  base  is  seen,  generally  rests  unconformably  on  older 
strata,  but  in  places  it  is  so  highly  metamorphic  as  not  to  be  readily 
distinguished  from  them.  Occasionally,  too,  there  may  be  real  grada- 
tion into  the  Proterozoic  formations. 

The  Cambrian  formations  of  Europe,  like  those  of  America,  are 
mainly  clastic.  They  include  conglomerates,  sandstones,  graywackes, 
shales  and  their  metamorphic  equivalents,  quartzites,  slates,  schists, 
etc.  In  some  places,  thick  bodies  of  limestone,  partly  or  wholly  meta- 
morphosed, are  associated  with  the  clastic  beds.  A  considerable  pro- 
portion of  the  material  involved  in  the  clastic  formations  is  coarse, 
and  the  strata  are  often  ripple-marked,  and  affected  by  cross-bedding 
and  by  sun-cracks.  All  these  features  point  to  the  conclusion  that  a 
large  part  of  the  Cambrian  sediments  were  laid  down  in  shallow  water. 
In  some  regions  the  formations  are  notably  red,  a  fact  which  has  been 
thought  to  indicate  that  they  were  formed  on  land  or  in  lakes  or  inland 
8eas.2 

The  European  Cambrian  is  notable  for  its  extreme  variations  in 
thickness.  In  Wales  (Cambria),  the  country  from  which  the  system 
received  its  name,  it  has  a  thickness  of  12,000  feet  or  more.^  This 
great  thickness  is  equalled  or  exceeded  in  Brittany,  where  formations 
8000  meters  in  thickness  are  referred  to  the  system.  In  western  England 
the  thickness  is  3000  feet,  and  in  northern  Scotland  2000  feet,  while  in 

*  The  best  summary  of  the  Cambrian  of  Europe,  in  English,  is  found  in  Geikie's 
Text-book  of  Geology,  4th  ed. ,  Vol.  II.  This  text  gives  references  to  the  literature. 
Other  recent  summaries  are  given  in  DeLapparent's,  Traits  de  G^logie,  Credner's 
Elemente  der  Geologic,  and  Kayser's  Formationskunde. 

'Ramsey,  Quart.  Jour,  of  the  Geol.  Soc,  Vol.  XXVII,  1871,  p.  250. 

'DeLapparent  (Trait6  de  Geologic,  4th  ed.,  119)  assigns  the  Cambrian  of  this 
region  a  thickness  of  8000  to  10,000  meters. 
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Scandinavia,  where  Lower,  Middle,  and  Upper  Cambrian  all  are  present, 
the  aggregate  thickness  is  sometimes  no  more  than  400  feet.  In 
western  Russia  also  it  is  thin.  These  differences  probably  mean  that 
sediments  were  being  deposited  in  some  places  many  times  as  rapidly 
as  in  others. 

The  commonly  accepted  subdivisions  of  the  British  Cambrian  are 
(1)  the  Harleck  and  Llanberis  group  (Olenellus  zone),  (2)  the  Menevian 
group  (Paradoxides  zone),  and  (3)  the  Lingula  flags  (Olenus  zone). 
The  Tremadoc  slates  are  sometimes  classed  as  Upper  Cambrian.  • 

The  subdivisions  of  the  Cambrian  are  notably  imlike  in  different 
parts  of  the  continent.  The  faunal  unlikenesses  are  such  as  to  seem 
to  divide  the  continent  into  two  natural  provinces,  a  northern  and  a 
southern.  To  the  northern  division  belong  the  areas  of  Cambrian  rock 
found  in  Russia,  Scandinavia,  and  north  Scotland;  to  the  southern, 
those  foiind  in  Bohemia,^  France,  Spain,  Portugal,  Sardinia.  It  is 
conmionly  believed  that  some  sort  of  barrier  must  have  existed  between 
these  provinces  which  prevented  marine  life  from  passing  freely 
between  them.  It  has  also  been  suggested  that  the  differences  in 
f  aimas  between  the  two  regions  may  be  due,  at  least  in  part,  to  climate  ;^ 
but  this  suggestion  finds  little  support  so  far  as  present  knowledge  goes 
in  other  parts  of  the  world.  The  fossils  of  the  northern  provinces  of 
Europe  have  much  resemblance  to  those  of  the  Atlantic  border  of 
America,  suggesting  that  geographic  and  climatic  conditions  were  such 
as  to  allow  of  the  free  migration  of  marine  life,  from  northern  Europe 
to  eastern  America,  and  vice  versa. 

In  Europe  the  Middle  Cambrian  is  more  wide-spread  than  the  Lower 
or  Upper,'  showing  that  changes  in  the  relation  of  sea  and  land  were  in 
progress  during  the  Cambrian  period,  shifting  the  areas  of  erosion  and 
sedimentation.  It  is  a  matter  of  interest  to  note  that  the  Cambrian 
history  of  western  Europe  seems  to  have  some  correspondence  with 
that  of  eastern  North  America,  while  that  of  central  and  eastern  Europe 
has  more  likeness  to  that  of  the  interior  of  our  continent. 

The  total  area  where  the  Cambrian  rocks  are  exposed  in  Europe 
is  small,  and  the  outcrops  sustain  the  same  general  relations  to  older 
formations  as  in  North  America.    The  actual  extent  of  the  system  is 

'  Made  famous  by  the  classic  studies  of  Barrande;  Syst&tne  Silurien  de  la  Boh^me. 

'  Kayser  and  Lake,  Comparative  Geology. 

•  Freeh,  Neuea  Jahrbuch  fiir  Mineralogie.  1899,  Bd.  II,  pp.  164-176. 
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much  greater  than  the  area  where  it  is  exposed,  since  it  is  covered  in 
many  regions  by  younger  formations.  The  Cambrian,  however,  is  not 
believed  to  underlie  the  younger  strata  of  eastern  Russia,  and  this  part 
of  the  continent  is  believed  to  have  been  mostly  out  of  water  during 
the  Cambrian  period. 

The  Cambrian  strata  of  Europe,  especially  of  western  Europe,  are 
often  much  folded.  In  some  regions  also  (Britain  and  Brittany)  igneous 
rocks  occur  at  or  near  the  base  of  the  system.  In  central  and  eastern 
Europe,  on  the  other  hand,  the  formations  are  essentially  horizontal. 
Beds  of  clay  which  arc  still  plastic,  and  beds  of  sand  which  are  still 
uncemented,  are  here  found  within  the  limits  of  the  system. 

No  geographic  change  of  great  importance  seems  to  have  marked 
the  close  of  the  Cambrian.  In  this  respect,  as  in  others,  the  Cambrian 
history  of  Europe  and  North  America  are  in  general  correspondence. 

Other  countries. — By  means  of  their  fossils  Cambrian  rocks  are 
known  to  occur  in  the  northeastern  parts  of  China,^  in  the  Salt  range 
of  India  2  (Lower  and  Middle  Cambrian),  in  the  southeastern  part  of 
Australia  ^  and  in  Tasmania  (Lower,  Middle,  and  Upper),  and  in  the 
northwestern  part  (Salta)  of  Argentina*  (Upper  Cambrian).  In  most 
of  these  regions  the  formations  have  not  been  studied  in  much  detail. 

Glacial  formations. — In  the  vicinity  of  Varanger  fjord,  in  northern 
Norway,  Lat.  70°  8'  N.,  there  is  a  bed  of  bowlder-bearing  rock  rest- 
ing on  a  smoothed  and  striated  pavement  of  the  distinctive  glacial 
type,  and  embraced  within  an  irregular  clastic  formation,  known  as 
the  Gaisa  beds.^  These  beds  rest  upon  the  eroded  surface  of  a  crystal- 
line terrane.  No  fossils  have  been  found  in  them  and  their  age  is 
not  positively  determined.  Reusch  regards  them  as  equivalent  to 
the  Sparagmite  formation  in  central  and  southern  Norway  which 
underlies  beds  containing  the  Olenellus  fauna,  and  which  is  therefore 
either  the  very  earliest  Cambrian  or  earUer.  The  Gaisa  beds  bear 
some  resemblance  to  the  Torridon  (Proterozoic)  of  the  British  Isles 
and  may  be  of  the  same  age.  They  are  of  the  red  sandstone  type, 
»  Von  Richthofen,  China,  Vol.  III. 

*  Redlich,  Palaeontologica  Indica,  new  ser.  Vol.  I,  and  Records  Geol.  Surv.  of 
India,  Vols.  XXII,  XXIV,  and  XXVII. 

»  Etheridge,  Proc.  Roy.  Soc.  Tasmania,  1882-1883;  Trans.  Roy.  Soc.  Australia, 
Vol.  XIII;   Tate,  Ibid.,  \ol  II,  XL VIII,  and  XV;  and  Johnston,  Surv.  of  Tasmania, 

*  Kayser,  Zeit.  der  deutsch.  Geol.  GeseU.,  Vol.  XLIX. 

*  Reusch,  Norges  geologiske  Underedegelse:  Det  nordlige  Norges  Geologi,  1891 
Also  Strahan,  Quar.  Jour.  Geol.  Soc,  Vol.  53,  1897,  pp.  137-146. 
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of  which  Strahan  significantly  remarks:  "They  all  belong,  in  part, 
to  the  type  prevailing  in  those  formations  which  have  been  the  first 
to  be  deposited  at  the  close  of  a  great  continental  epoch/' 

Recent  exploration  in  China  ^  has  shown  the  existence,  on  the 
Yang-tse  river,  in  latitude  30®,  of  a  thick  formation  (170  feet)  of  bowlder- 
bearing  rock  of  the  typical  glacial  kind  containing  many  striated 
bowlders  of  diverse  sorts  of  rock  (Fig.  116a).  The  striae  appear  to 
be  of  the  distinctive  glacial  type  and  the  matrix  in  which  the  striated 
stones  are  imbedded  is  such  as  bear  out  the  evidence  of  the  stones 
themselves.  The  formation  lies  at  the  very  base  of  the  Paleozoic  ter- 
rane  of  the  region,  and  beneath  the  series  that  carries  the  Cambrian 
trilobites.  It  is  therefore  to  be  referred  either  to  very  early  Cambrian, 
or  to  pre-Cambrian  time.  At  present,  the  most  probable  interpre- 
tation is  that  these  formations  of  Norway  and  China  belong  either  to 
the  transition  period  that  accompanied  and  followed  the  deformation 
that  closed  the  Proterozoic,  or  to  the  opening  stages  of  the  Paleozoic 
previous  to  the  undoubted  Cambrian,  with  some  preference  for  the 
latter.  Whatever  their  precise  age,  their  profound  significance  is  obvious. 

From  Australia  2  and  South  Africa  ^  Cambrian  or  pre-Cambrian 
glacial  beds  have  been  reported  recently. 

In  the  rocks  of  undoubted  Cambrian  age  there  is  little  valid  evi- 
dence pointing  to  diversity  of  climate.  The  testimony  of  the  fossils, 
wherever  gathered,  implies  nearly  uniform  climatic  conditions  not  only 
over  our  own  continent,  but  throughout  all  the  earth  where  records  of 
the  Cambrian  period  are  foimd. 

Duration  of  the  Cambrian  Period. 

There  is  no  way  in  which  a  reliable  estimate  may  be  made  of  the 
duration  of  the  Cambrian  period.  It  is  safe  to  say  that  the  destruction 
and  the  removal  to  the  sea  of  such  large  volumes  of  rock  as  are  repre- 
sented by  the  sediments  of  the  Cambrian  required  a  very  long  period 
of  time;  but  since  there  is  no  standard  rate  at  which  any  sort  of  sedi- 

'  Willis,  Blackwelder,  and  Sargent.  The  above  note  is  based  on  an  unpublished 
oral  statement  of  the  results  obtained  during  an  extended  exploration  under  the 
auspices  of  the  Carnegie  Institution.    See  also  Year  Book  No.  3,  Carnegie  Inst,  p.  382. 

*  Howchin  and  David,  Rept.  Austral.  Assn.  for  the  Adv.  of  Science,  Vol.  IX,  1902. 

»  Schwarz,  Jour,  of  Geol.,  Vol.  XIV,  p.  683,  1906. 
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F;g.  116a. — Glaciated  stones  from  the  glacial  beds  at  the  base  of  the  Cambrian  in 
China.     (Willis,  Carnegie  Institution.). 
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ment  is  known  to  accumulate,  this  long  period  cannot  be  reduced  to 
years.  It  is  quite  certain  that  the  rates  vary  greatly.  Besides  many 
obvious  illustrations  of  the  minor  sort,  there  is  this  very  general  and 
important  one:  When  the  land  is  relatively  broad  and  high,  and  while 
the  deposition  belt  around  its  borders  is  narrow,  as  is  apt  to  be  the 
case  after  a  period  of  continental  protrusion,  the  amount  of  material 
eroded  in  a  given  time  is  likely  to  be  large,  while  its  concentration  on 
the  limited  deposition  area  necessarily  gives  great  proportional  thick- 
ness and  rapidity  of  rate  to  the  accumulation.  On  the  other  hand, 
when  the  continent  is  approaching  base-level,  and  the  land  is  low  and 
limited  by  the  encroachment  of  the  epicontinental  seas,  and  while  these 
seas  are  wide  and  shallow,  and  subject  to  agitation  over  broad  tracts, 
the  amount  of  material  eroded  in  a  given  time  is  relatively  small,  while 
the  area  over  which  it  is  spread  is  exceptionally  large,  and  hence  it  adds 
but  slightly  and  slowly  to  the  thickness  of  the  deposits.  In  Washington 
County,  N.  Y.,  there  is  a  bed  of  Cambrian  limestone  1400  feet  thick 
beneath  10,000  feet  or  more  of  fragmental  rock.  It  has  been  estimated 
that  limestone  sometimes  forms  at  some  such  rate  as  one  foot  per 
century.*  At  this  rate  this  limestone  alone  would  have  required 
140,000  years.  If  the  overlying  fragmental  rocks  required  an  equal 
length  of  time  for  their  accumulation,  the  total  length  of  the  period 
would  be  280,000  years.  In  some  parts  of  the  West  there  are  6000  feet 
of  limestone  besides  thick  bodies  of  fragmental  rock.  At  the  same  rate 
of  accumulation,  the  6000  feet  of  limestone  would  call  for  a  period  of 
600,000  years,  and  if  time  be  allowed  for  the  other  formations  of  the 
same  region,  the  period  would  be  greatly  lengthened.  It  should  be  remem- 
bered, however,  that  while  one  foot  per  century  may  be  a  rate  at  which 
limestone  sometimes  accumulates,  it  does  not  follow  that  it  is  the  rate 
at  which  the  Cambrian  limestones  were  formed.  The  data  on  which 
this  estimated  rate  is  based  are  believed  to  give  too  high,  rather  than  too 
low  a  rate,  and  a  less  rapid  accumulation  would  mean  a  correspondingly 
longer  period  of  time. 

Many  estimates  of  geological  time,  based  on  various  data,  have 
been  attempted.^  These  estimates,  so  far  as  applied  to  the  Cambrian 
generally  assign  to  that  period  a  duration  of  1,000,000  to  3,000,000  years. 
It  should  be  distinctly  borne  in  mind,  however,  that  the  chief  value 

>  LeConte,  Am.  Jour.  Sci.,  Vol.  X,  1875,  p.  34. 

>  For  a  general  ajBOUSBion  of  this  matter,  see  Williams'  Geolb^cal  Biology. 
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of  these  figures  is  to  give  emphasis  to  the  fact  that  the  period  was  one 
of  great  duration. 

THE   LIFE   OF   THE   CAMBRIAN. 

Perhaps  no  single  event  in  the  history  of  the  earth  possesses  greater 
interest  than  the  first  appearance  of  life.  We  have  already  learned 
that  the  real  advent  of  life  on  the  globe  has  not  been  revealed  by  the 
record,  as  thus  far  known,  and  there  is  almost  no  hope  that  it  ever  will 
be.  There  is  good  evidence  that  life  easted  in  the  several  great  periods 
of  the  Proterozoic,  and  in  some  at  least  of  those  of  the  Archeozoic. 
Under  the  accretion  hypothesis,  it  is  not  improbable  that  the  real 
beginning  of  life  on  the  earth  greatly  antedated  even  the  oldest  of  the 
accessible  Archean  formations.  If  so,  it  is  quite  beyond  hope  that 
the  great  problem  of  the  earliest  forms  of  life  will  ever  be  solved  by 
direct  fossil  evidence.  Even  in  the  Archeozoic  and  Proterozoic  the 
evidences  of  life,  while  sufficient  to  create  a  firm  conviction  that  the 
earth  was  then  tenanted  by  living  things,  are  so  indirect  or  obscure 
that  they  give  very  little  idea  of  the  nature  of  the  life.  Such  little 
information  as  the  imperfect  fossils  give,  carries  in  itself  evidence  that 
it  does  not  tell  the  whole  story,  or  even  the  main  part  of  it,  for  the 
life  imperfectly  represented  could  not  have  lived  without  other  forms 
of  life  which  are  not  represented. 

The  first  fair  record. — In  the  Cambrian,  for  the  first  time,  there  is  a 
fair  preservation,  in  fossil  form,  of  the  life  of  the  period.  Even  here 
the  record  is  very  far  from  complete,  but  it  is  an  immeasurable  advance 
on  the  records  of  previous  periods.  Something  of  the  interest  and 
importance  that  would  have  attached  to  the  earliest  forms  of  life,  had 
they  been  preserved,  is  therefore  transferred  to  this  first  legible  record. 
Preliminary  to  a  review  of  this  record,  the  chief  ways  in  which  it  bears 
on  questions  of  fimdamental  interest  may  receive  a  moment's  con- 
sideration. 

What  stage  of  evolution  is  represented? — Foremost  among  the 
questions  that  arise  is  the  stage  of  development  that  had  been  already 
attained  by  life,  when  thus  first  fairly  preserved.  Was  the  life  reallj' 
primitive,  implying  that  it  was  not  far  removed  from  the  true  first 
forms  of  life,  or  did  it  bear  signs  of  great  previous  evolution? 

The  stage  of  evolution  attained  may  be  estimated  (1)  by  the  degree 
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of  development  of  the  various  organic  structures  and  functions,  and 
(2)  by  the  amount  of  divergence  of  the  animal  types. 

(1)  For  comparison  it  may  be  assumed  that  the  primitive  forms 
were  at  least  as  simple  as  the  simplest  existing  forms.  Among  these 
there  are  organisms  which  are  scarcely  more  than  aggregates  of  living 
protoplasm,  almost  devoid  of  any  permanent  and  recognizable  organs. 
There  are  also  multitudes  of  plants  and  animals  that  consist  of  a  single 
cell  only.  If  these  be  taken  as  representing  the  nearest  existing  approach 
to  primitive  forms,  a  comparison  between  them  and  the  complicated 
structures  shown  by  many  of  the  Cambrian  fossils,  presently  to  be 
described  and  illustrated,  will  give  some  impression  of  the  degree  of 
advance  in  organization  that  had  been  attained. 

But  we  are  not  left  entirely  to  this  mere  presumption  that  the 
earliest  forms  were  much  simpler  than  the  Cambrian,  for  the  stages 
of  development  of  the  young  of  certain  of  the  Cambrian  animals  reveals 
something  of  their  ancestral  history.  It  is  a  well-established  law  of 
embryology  that  animals  in  their  pre-natal  and  youthful  development 
pass  through  a  succession  of  stages  in  which  their  structure  resembles 
that  which  their  ancestors  had  in  their  maturity;  in  other  words,  that 
the  individual  history  of  each  animal  is  an  epitome  of  the  collective 
history  of  its  ancestors.  Now  the  trilobites  (Fig.  118),  the  leading  form 
of  Cambrian  life,  are  known  to  have  passed  through  a  series  of  quite 
remarkable  changes  after  they  became  well  enough  developed  to  be 
fossilized,  and  doubtless  they  passed  through  other  stages  previously. 
There  is,  therefore,  specific  ground  for  believing  that  they  had  a  long 
line  of  ancestors. 

(2)  The  studies  of  recent  decades  have  convinced  investigators  that 
the  later  forms  of  life  have  been  derived  from  earlier  ones  by  some 
process  of  evolution.  The  exact  nature  of  the  process  is  yet  under 
investigation,  but  the  fact  of  derivation  is  not  now  regarded  as  an  open 
question.  A3  the  various  forms  developed  and  diverged,  many  of  the 
intermediate  gradations  were  dropped  out,  because  of  inferior  fitness, 
or  from  some  other  cause,  and  thus  the  diverging  forms  became  sepa- 
rated from  one  another.  As  these  divergent  branches  themselves 
developed  later,  they  in  turn  diverged,  and  the  intermediate  forms 
disappeared,  and  thus  a  succession  of  branches  was  developed.  By 
such  continued  divergence  and  loss  of  intermediate  forms,  a  more 
and  more  complicated  system  of  branching  was  developed.     Not  only 
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were  the  intermediate  or  connecting  forms  dropped  out,  but  many  of 
the  branches  themselves  disappeared,  and  the  remaining  ones  became 
more  and  more  widely  distinct  from  one  another.  The  process  was 
not  unlike  the  evolution  of  a  tree-top,  in  which  the  dying  out  of  most 
of  the  interior  branches  leaves  a  few  great  limbs  which  bear  the  more 
numerous  and  more  recent  branches,  while  these  m  turn  bear  the  upper- 
most and  outermost  twigs  which  represent  the  living  phase.  In  this 
way,  or  in  some  such  way,  it  is  thought  that  the  existing  divergence 
of  organisms  into  kingdoms,  branches,  classes,  orders,  families,  genera, 
species,  and  varieties  came  to  be  established. 

If  it  be  assimied  that  the  whole  system  of  living  things  has  been 
derived  from  a  common  primitive  form  or  a  few  primitive  forms,  a 
comparison  of  the  primitive  state  with  the  degree  to  which  divergence, 
and  the  loss  of  the  intermediate  forms,  had  gone  in  the  Cambrian  times, 
will  give  some  impression  of  the  amount  of  evolution  already  accom- 
plished. If  to  this  be  added  a  comparison  between  the  Cambrian  life 
and  the  present  life,  an  estimate  of  the  relative  amount  of  evolution 
before  and  since  the  Cambrian  period  may  be  made.  This  will  be 
especially  instructive,  as  it  will  give  some  impression  of  the  relative 
importance  of  the  pre-Cambrian  and  the  post-Cambrian  portions  of 
the  earth's  history,  measured  by  life  development. 

To  be  sure,  it  cannot  be  assumed  safely  that  the  rate  of  evolution 
in  early  and  in  late  times  was  precisely  the  same,  or  that  the  evolution 
of  one  branch  proceeded  at  the  same  rate  as  that  of  other  branches, 
for  there  certainly  were  marked  dififerences;  but  notwithstanding  this, 
a  general  and  not  altogether  incorrect  impression  of  the  relative  im- 
portance of  the  imknown  pre-Cambrian  evolution,  and  of  the  known 
post-Cambrian  evolution  may  be  derived,  and  this,  notwithstanding 
all  elements  of  uncertainty,  is  of  no  small  value. 

The  scantiness  of  plant  fossils. — On  the  most  general  inspection 
of  the  record  there  appears  at  once  an  obvious  inconsistency  in  that 
the  animal  kingdom  is  fairly  well  represented,  while  plant  remains 
are  barely  identifiable;  indeed,  their  presence  would  perhaps  be  doubted 
if  there  were  not  imperative  reasons  for  believing  that  they  were  present 
in  abundance.  As  all  animals  are  dependent  directly  or  indirectly  on 
plants  for  food,  it  must  be  supposed  that  plants  were  present  in  suffi- 
cient numbers  not  only  to  support  the  animals,  but  to  furnish  a  surplus, 
since  a  portion  inevitably  escaped  consumption  by  the  animals.    This 
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surplus  might  not  be  worth  noting  if  there  were  not  specific  reasons 
for  regarding  it  as  large.  Not  a  few  of  the  Cambrian  animals  were 
fixed  to  the  bottom  of  the  sea,  and  hence  there  must  have  been  organic 
matter  enough  floating  in  the  water  to  bring  them  their  daily  food, 
and  this  implies  a  very  general  enrichment  of  the  oceanic  waters  with 
plants.  Probably  these  were  largely  minute  one-celled  plants  of  the 
algae  type,  and  hence  they  easily  escaped  fossilization.  The  inadapta- 
bility of  the  lower  plants  to  fossilization  is  doubtless  the  chief  explanation 
of  the  poor  representation  of  the  plants  among  the  Cambrian  fossils. 

Reasons  of  a  physical  nature  have  previ- 
ously been  given  (p.  217)  for  thmking  that  the 
surface  of  the  land  was  clothed  with  some  kind 
of  vegetation,  and  this  is  an  additional  reason 
for  assuming  a  very  general,  if  not  nearly  uni- 
versal, distribution  of  plants  over  the  surface 
of  the  globe.  But  there  are  no  identifiable 
traces  of  land-plants,  and  but  very  obscure  im- 
pressions of  sea-plants.  There  are  some  ill-de- 
fined stem-like  or  frond-like  impressions,  com- 
monly styled  "  fucoidal,"  that  may  be,  in  part 
at   least,  the  casts  of  sea-weeds.    A  peculiar 

form  consisting  of  clusters  of  radiating  rays  fio.  iir.^W^miaan/i^a 
{Oldhamia,  Fig.  117)  is  found  in  abundance  in  Forbes,  a  problematical 
Cambrian  rocks  in  Ireland,  and  has  been  referred  ^Tr^rtr^rir^d^^^^ 
to  algse,  but  the  identification  is  not  beyond      b^t  it  may  possibly  be- 

7  ---,  ,  ^  ,,  11. ri        lo'^g  to  the  zoophytes. 

question.       These    and   a  few  other  doubtful 

forms  make  up  the  whole  record  as   thus   far  revealed.     The  lesson 

taught  is  the  extreme  imperfection  of  the  fossil  record. 

The  Animal  Fossils. 

Turning  to  the  record  of  animal  life,  it  appears  by  contrast  that 
every  great  division  of  the  animal  kingdom,  except  the  vertebrate, 
had  its  representatives  in  Cambrian  times.  The  Arthropoda  were  rep- 
resented by  crustaceans;  the  Mollusca,  by  cephalopods,  gastropods, 
pteropods,  and  pelecypods;  the  Molluscoidea,  by  bracliiopocb?  and 
bryozoans;  the  Vermes,  by  annelids;  the  Echinodermataj  by  cystoids; 
the  Ccelenterata,  by  graptolites,  medusa},  and  corals;   the  Porifera,  by 
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sponges,  and  the  Protozoa,  by  rhizopods.  This  is  a  fine  array  for  a 
first  appearance.  As  we  come  to  study  the  representatives  in  more 
detail,  the  breadth  of  the  divergence,  and  the  advance  in  evolution 
that  had  already  taken  place,  will  appear  still  more  impressive.  These 
representatives  are  all  marine  forms.  Of  land  animals  there  are  no 
traces;  but  this  negative  record  does  not  warrant  the  assertion  that  no 
land  animals  lived  at  this  time.  Terrestrial  arthropods,  in  the  form  of 
scorpions  and  insects,  appear  in  the  record  two  periods  later  (Silurian), 
and  they  were  then  rather  highly  developed,  which  renders  an  ancestry 
reaching  back  as  far  as  the  Cambrian,  or  beyond,  not  improbable, 
though  by  no  means  certain. 

No  traces  of  vertebrates  have  yet  been  detected  in  the  Cambrian 
beds,  but  as  fish  remains  have  been  foimd  in  the  rocks  of  the  following 
period  (Ordovician),  it  would  be  hazardous  to  assume  that  the  lower 
aquatic  vertebrates  were  not  among  the  denizens  of  the  Cambrian 
waters.  There  is  no  reason,  however,  to  think  that  any  of  the  terrestrial 
vertebrates  were  present. 

The  Cambrian  Arthropoda.^ — Of  the  four  divisions  of  the  Arthro- 
poda,  insects,  spiders,  myriapods,  and  crustaceans,  only  the  last  has 
been  foiind  in  the  Cambrian  strata.  Its  representatives  were  trilobites 
and  entomostraceans. 

'  The  State  and  Government  Reporta  are  the  chief  media  for  the  description  of 
fossils.  Many  descriptions  are  also  found  in  scientific  journals,  and  in  the  proceed- 
ings of  scientific  societies,  and,  more  rarely,  in  private  memoirs.  The  literature,  like 
that  on  stratigraphy,  is  very  voluminous,  and  cannot  be  fully  cited  in  a  work  of 
this  kind.  A  convenient  key  to  most  of  the  recent  literature  is  found  in  Weeks's 
Bibliography  and  Index  of  North  American  Geology,  Paleontology,  Petrology,  and 
Mineralogy  for  1892-1903,  Bulls.  188,  189,  203,  and  221,  U.  S.  Geol.  Surv.,  which  will 
probably  be  carried  to  later  dates.  References  to  earlier  descriptions  will  be  found 
in  Bull.  127,  U.  S.  Geol.  Surv. 

Some  of  the  leading  writers  on  American  Cambrian  fossils  are:  James  Hall,  Paleo. 
N.  Y.,  Vol.  I,  1847,  and  Ann.  Repts.  N.  Y.,  1847-1863— notably  the  16th;  E.  Bill- 
ings,  Paleozoic  Fossils,  Geol.  Surv.  of  Canada,  1874;  J.  W.  Salter,  Quar.  Jour.  Geol. 
Soc,  1859;  S.  W.  Ford,  Am.  Jour.  Sci.,  1871-1881;  R.  P.  ^Vhitfield,  N.  Y.  Repts., 
Surv.  of  40th  Parallel,  and  Wis.  Repts.,  1873-1879;  C.  Rominger,  Proc.  Phil.  Acad, 
Sci.,  1887;  J.  F.  WTiiteaves,  Am.  Jour.  Sci.,  1878,  and  Canadian  Rec.  Sci.,  1892;  A.  F. 
Foerste,  Bull.  Mus.  Comp.  Zool,  Cambridge,  1888,  and  Am.  Jour.  Sci.,  1893;  G.  F. 
Matthew,  Trans.  Roy.  Soc.  Canada,  1897-1900,  Trans.  N.  Y.  Acad,  Sci.,  1893-96,  BuD. 
Nat.  Hist.  Soc.  New  Brunswick,  1893-1902,  and  Canadian  Rec.  Sci.,  1889-1894,  and, 
notably,  CD.  Walcott,  Bulls.  10,  30,  and  81,  U.  S.  GeoL  Surv.,  10th  Ann.  Rept.,  U.  S. 
Geol.  Surv.,  Am.  Jour.  Sci.,  1887-88,  and  Proc.  U.  S.  National  Museum,  Vols.  XI-XIIL 
The  identifications  of  Walcott  are  chiefly  followed  in  this  work. 
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The  trilobites  were  easily  the  most  distmguished  of  the  known  deni- 
zens of  the  Cambrian  seas.  They  were  not  only  the  highest  in  organi- 
zation, but  the  most  characteristic  of  the  age.  Their  successive  genera 
best  distinguish  the  successive  stages  of  the  period,  and  their  distri- 
bution is  a  chief  means  of  correlating  the  formations  on  different  con- 
tinents and  in  different  provinces  of  the  same  continent,  as  previously 


Fio.  118. — Cambrian  Trilobites.  a,  Holmia  (Olenellus)  broggeri  Walcott,  a  charac- 
teristic trilobite  of  the  Lower  Cambrian;  6,  Crepicephalus  texanus  (Shumard), 
a  trilobite  of  the  Middle  Cambrian;  c,  Ptycoparia  arUiqua  (Salter),  a  trilobite  of 
the  Middle  Cambrian.  The  above  trilobites  belong  to  the  order  Opisthoparia. 
d,  Agnostus  obtusilobus  Matthew,  a  Middle  Cambrian  trilobite  of  the  lowest  order, 
Hypoparia,  showing  primitive  characters,  as  tlie  absence  of  eyes,  small  number 
of  thoracic  segments,  etc. 


set  forth  (p.  240).  They  have  hence  a  leading  place  in  historical  and 
geological  importance.  They  belonged  to  a  race  long  since  extinct. 
A  study  of  the  accompanying  illustrations  (Fig.  118)  will  best  impress 
their  distinguishing  features,  notably  their  three  longitudinal  lobes, 
whence  their  name,  and  their  three  transverse  divisions,  head,  thorax, 
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and  pygidium,  or  caudal  shield.  The  variations  of  these  divisions 
and  of  the  other  parts  of  their  structure  furnish  the  basis  on  which 
genera  and  species  are  founded.  As  the  fleshy  parts  and  the  delicate 
understructure  are  wanting,  the  descriptions  and  identifications  of 
species  and  genera  are  based  solely  on  these  harder  parts.  This  is 
not  exceptional.  The  determination  of  most  fossil  species  rests  on 
such  imperfect  knowledge  of  the  real  organism,  but  the  imperfection 
of  knowledge  is  being  gradually  reduced  by  the  finding  of  forms  that 
preserve  what  is  lacking  in  those  previously  found.  Much  of  the 
value  of  these,  and  all  other  fossils,  in  the  correlation  of  formations 
in  different  regions,  and  in  determining  the  succession  of  beds  when 
not  superposed,  depends  on  the  sharp  discrimination  of  their  differ- 
ences of  form  and  structure,  and  a  critical  study  of  the  figures  is  recom- 
mended. In  a  work  of  this  kind  it  is  impracticable  to  enter  upon 
the  special  description  of  fossils;  that  is  the  function  of  paleontology; 
but  some  special  attention  may  be  given  to  these  first  forms,  the  leaders 
in  the  great  procession  of  life,  so  far  as  we  know  it. 

The  general  aspect  of  the  trilobites  at  once  discloses  an  advanced 
development.  It  seems  clear  that  they  possessed  nearly  all  the 
anatomical  systems  and  physiological  functions  of  modern  crustaceans 
of  their  kind.  In  their  line,  they  were  much  nearer  the  present  end  of 
the  series  than  the  theoretical  beginning.  Perhaps  the  eyes  are  the 
best  index  of  their  development.  These  show  that  the  compound 
system  of  fixed  eyes,  composed  of  many  eyelets,  was  already  well 
developed.  In  the  trilobites  of  this  and  succeeding  periods,  the  eyelets 
range  from  a  score  to  several  thousands.  Some  of  the  Cambrian  trilo- 
bites however  had  no  eyes,  never  having  acquired  them,  while  others 
possessed  abortive  rudiments  of  eyes,  implying  that  their  ancestors 
had  possessed  eyes,  but  had  lost  them.  The  acquisition  and  abortion 
of  so  important  an  organ  seems  to  imply  variation  in  the  conditions  of 
life,  but  this  may  mean  no  more  than  migration  to  deep  dark  waters, 
or  the  habit  of  burrowing  in  the  mud,  where  eyes  became  useless.  The 
eyes  were  often  slightly  raised  on  crescentic  lobes,  with  the  convex 
face  outwards.  In  later  epochs,  these  crescents  became  more  and 
more  curved,  extending  the  sweep  of  vision  fore  and  aft  to  the  trilobite's 
obvious  advantage,  and  hence  this  became  a  mark  of  progress.  In  the 
Cambrian  faunas,  the  segments  of  the  body  were  rather  stiffly  joined 
to  one  another,  but  in  later  epochs  they  became  more  flexible  and  some 
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trilobites  rolled  themselves  up  armadillo  fashion — another  mark  of 
progress.  The  upper  surface  of  the  body  was,  even  in  Cambrian  times, 
ornamented  variously  with  granules,  spines,  and  other  markings,  the 
significance  of  which  is  little  understood.  These  ornamentations 
varied  as  time  went  on,  increasing,  in  general,  until  after  the  climax  of 
the  trilobites  had  been  passed. 

The  understructure  is  not  revealed  in  the  Cambrian  specimens, 
the  parts  having  been  lost  in  fossilization,  but  later  forms,  worked  out 
by  Walcott,  Beecher,  and  others,  show  that  the  trilobites  possessed  a 
row  of  slender  articulated  limbs  on  either  side,  and  also  delicate  filaments 
which  served  the  function  of  respiratory  organs.  The  nature  of  the 
limbs  indicates  that  the  trilobites  both  walked  and  swam.  It  is  inferred 
that  some  were  swift  of  movement,  while  the  weakness  of  the  ambu- 
latory organs  in  others  implies  that  they  were  slow.  The  trilobites 
also  possessed  antennse  which  doubtless  served  as  organs  of  touch — 
another  indication  of  the  definite  development  of  the  senses,  even  at 
this  early  time.  It  is  interesting  to  note  that  the  habit  of  moulting 
the  shell  at  successive  stages  of  growth  had  been  acquired.  Leaving 
further  details  to  the  special 
study  of  the  accompanying 
figures,  it  is  to  be  observed  that, 
at  this  early  day,  there  had  been 
acquired  a  highly  complex,  well- 
differentiated  organization,  en- 
dowed with  nearly  all  the  organs 
and  functions  possessed  by  sim- 
ilar crustaceans  of  the  present 
day. 

Besides  these  ancestral  crus- 
taceans, a  few  other  forms  of  fig 
interest  were  present,  among 
which  were  little  ostracodes  which 
had  valve-like  shells  on  their 
backs  much  like  those  of  bivalve 
moUusks  (Fig.  119,  c),  an  ancient  type  of  phyllopods '  represented  by 
the  singular  form  Protocaris  (Fig.  119,  d),  and  a  phyllocarid  (Fig.  119,  a 
and  6). 

The   Cambrian   MoUusca. — A  few  cephalopods   (chambered  shells) 


b  c  '      U 

119. — Other  Cambrian  Crustacea,  a, 
Hymenocaris  vennicauda  Salter;  6,  Aristo- 
zoce  rotundata  Walcott,  a  Cambrian  phyllo- 
carid; c,  Leperditia  dermatoides  Walcott,  a 
Cambrian  ostracode;  d,  Protocaris  marshi 
Walcott,  a  Cambnan  phyllopod. 


284  GEOLOGY. 

which  are  regarded  as  the  highest  class  of  mollusks  have  been  found  in 
the  uppermost  beds  referred  to  the  Cambrian,  but  none  as  yet  in  the 
lower  part.  As  the  cephalopods  were  even  then  highly  developed 
structurally,  and  were  widely  differentiated  from  the  other  mollusks, 
there  is  little  ground  to  doubt  that  they  had  already  passed  through  a 
long  period  of  development,  and  hence  that  they  were  really  present  in 
some  part  of  the  globe  during  the  earlier  Cambrian  times.  Their 
remains  are  so  rare  that  they  have  little  geologic  importance  in  this 
period,  but  become  prominent  in  the  next. 

The  pelecypods  (bivalves)  were  represented  in  the  Lower  Cambrian 
beds,  though  they  have  not  been  found  abundantly.  Whether  this 
implies  that  they  did  not  live  abundantly  in  the  seas  that  made  the 
deposits  that  are  now  accessible,  or  that  they  were  but  poorly  preserved, 
is  not  known.     Fig.  120,  6,  represents  a  typical  form. 

Gastropods  (univalves)  (Fig.  120,  c,  d,  and  e)  were  somewhat  abun- 
dant even  in  the  earlier  Cambrian  times,  and  became  more  conmion 


A 
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Fig.  120. — Cambrian  Mollusca.  a,  Hyolithes  americanus  Billings,  a  pteropod  of  the 
Lower  Cambrian;  6,  FordUla  troyensis  Barrande,  a  pelecv-pod  of  the  Lower 
Cambrian;  c,  Stenotheca  rugosa,  var.  paupera  Billings,  a,  S.  rugosa  Hall,  capulid 
gastropods  of  the  Lower  Cambrian;  e,  Trochus  mratogemns  Walcoit,  &  CambTmn 
gastropod  with  well-developed  spire. 

toward  the  close  of  the  period.  The  early  forms  foimd  are  chiefly  of 
the  low  conical  type,  known  as  capulids,  from  their  resemblance  to  the 
form  of  cap  typified  by  the  conventional  "  liberty-cap"  (see  Fig.  120,  d, 
in  particular).  The  more  amply  coiled  and  spiral  forms  (Fig.  120,  e), 
though  present,  only  became  common  later.  The  close  resemblance  of 
Trochus  saratogensis  (Fig.  120,  e)  and  other  forms  to  modern  gastropods 
is  worthy  of  note  as  showing  how  near  to  the  present  development 
some  of  the  Cambrian  mollusks  had  attained. 

The  Cambrian  MoUuscoidea. — This  branch  was  well  represented  by 
brachiopods  (lamp-shells),  TFig.  121).  In  geological  importance,  these 
rank  second  only  to  the  trilobites  in  Cambrian  times.    Unlike  the 
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trilobites,  which  became  extinct  at  an  early  day,  the  brachiopods  have 
persisted  to  the  present  time,  arid  stand  as  a  foremost  representative 


Fig.  121. — Cambrian  Brachiopoda.  a,  Obolella  gemma  Billings  ;  6,  Protorhyncha 
anliquala  Billinj^s,  brachiopods  of  the  Lower  Cambrian;  c  and  rf,  Acrotretd  gemma 
Billings,  a  brachiopod  ranging  from  the  Lower  to  the  Upper  Cambrian,  sunmiit  and 
side  views  of  the  pedicle  or  ventral  valve;  e,  BiUingsella  transversa  Walcott, 
the  pedicle  or  ventwJ  valve  of  a  hinged  brachiopod  of  the  Lower  Cambrian. 

of  extreme  stability  and  persistence.  They  have  changed  in  species 
and,  except  in  a  few  cases,  in  genera  also,  but  the  class  has  been  only 
slightly  modified  and  still  retains,  with  great  fidelity,  its  distinctive 
characteristics. 

In  Cambrian  times,  as  now,  the  valves  of  one  division  of  the  group 
were  hinged,  while  those  of  another  were  not.     So,  too,  then  as  now,  one 
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Fig.  122. — Cambrian  Vermes;  borings  and  trails,  a,  a  natural  surface  of  sandstone 
seen  from  above,  showing  annelid  borings,  with  mounds  of  sand  heaped  about 
their  mouths  ana  with  trails  leading  away  from  some  of  them;  6,  a  horizontal 
section,  showing  perfect  borings,  as  well  as  abandoned  borings  whose  sides  have 
been  forced  in  during  the  formation  of  new  borings,  giving  a  crescentic  cross- 
section.  Although  the  animal  is  not  shown,  the  name  Arenicolites  woodi  Whit- 
field is  assigned  to  it. 

division  formed  shells  of  calcium  phosphate,  and  another  shells  of  cal- 
cium carbonate.  Comparisons  in  other  respects  show  that  the  changes 
between  the  Cambrian  and  the  present  are  but  a  small  fraction  of  the 


286 


GEOLOGY. 


changes  involved  in  the  development  of  the  brachiopods  from  the 
theoretical  primitive  forms  in  pre-Cambrian  times.  Though  the  brach- 
iopods were  wonderfully  persistent  and  conservative  in  evolution,  they 
were  undergoing  changes  from  epoch  to  epoch,  and  thus  they  became 
valuable  indices  of  progress,  and  serviceable  means  of  identifying  hori- 
zons and  correlating  distinct  deposits. 

The  Cambrian  Vermes. — Sea  worms,  or  annelids,  left  indications  of 
their  abimdant  presence  by  borings  and  tracks,  and  occasionally  by 
mud  or  sand  heapings  at  the  mouths  of  their  holes  (Fig.  122),  but  no 
remains  of  the  animals  themselves  have  been  found. 

The  Cambrian  Echinodermata. — A  few  cystids  were  present  (Fig. 
123).      They  had  roundish  or  cylindrical  bodies,  covered  unsymmet- 

rically  with  plates.  Irregular  arms 
were  attached  to  the  upper  part, 
and  a  stem,  often  short  and  incom- 
plete, was  appended  to  the  lower 
end.  The  cystids  were  the  fore- 
runners of  the  beautiful  crinoids 
(stone  lilies)  which  perhaps  came 
into  existence  during  the  Cambrian 
times,  but  have  not  yet  been  found 
in  fossil  form. 

The   Cambrian   Coelenterata. — 
The  coelenterates  were  represented 
by  hydrozoa  (graptolites  and   me- 
dusae) and  by  anthozoa  (corals),  (Fig. 
*  i>  124).    The  eccentric  and  almost  in- 

FiG.  123.— Cambrian  Echinodeimata.    a,  explicable  freaks  of  fossilization  are 
x-i^'^Tthi^P^^f^  nowhere  better  illustrated  than  in 

Cambrian  cvstid,  showing  the   irregukr  ^^^  Cambrian  relics  of  this  CTOUD. 
plates    and  broken   arms;    o,    EocystUes  i  i  i  ^        f 

primwoaua    Billings,  a     single    cystidian  Graptolltes,   although    among    the 

P^^®"  most  delicate  of  animal  forms,  and 

medusae,  among  the  softest  of  animals,  were  preserved,  while  much  more 
robust  and  indurated  forms,  that  almost  certainly  were  present,  left 
scant  relics,  or  none  at  all.  The  graptolites,  an  extinct  group,  were  very 
slender,  plume-like  organisms,  consisting  of  a  series  of  cells,  in  which 
the  individual  animal  lived,  attached  to  a  conunon  slender  axis  which 
united  the  colonv  and  which  often  branched  much  after  the  fashion  of 
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plants.  The  whole  pliime  appears  to  have  floated  free  in  the  sea. 
They  were  scantily  preserved  in  the  earliest  Cambrian  (Fig.  124,  e),  but 
quite  abundantly  toward  its  close.  The  secret  of  their  preservation 
probably  lies  in  the  fact  that,  being  floating  forms,  they  most  often 
settled  in  quiet  and  rather  deep  waters  off-shore,  where  very  fine  silts 
accumulated,  and  where,  therefore,  the  conditions  were  favorable  for 
burial  without  destructive  action. 

The  most  singular  case  of  fossilization  is  the  preservation  of  traces 
of  jelly-fish,  or  at  least  of  what  are  so  identified.    These  are  illustrated 


Fia.  124. — Cambrian  Coelenterata;  supposed  corals,  medusae,  and  graptolites.  a  and 
6,  ArchcBOcyathus  rensselcericus  Ford,  a  problematic  fossil  referred  by  some  paleon- 
tologists to  sponges,  and  by  others  to  corals;  c  and  rf,  Brooksella  altemata  Wal- 
cott,  supposed  casts  of  the  gastric  ca\'ities  of  medusa* ;  c,  a  supposed  exumbrella 
in  which  the  interumbrella  lobes  are  a  prominent  feature ;  rf,  a  view  of  a  supposed 
tunbrella  with  six  lobes  and  a  depression  over  the  central  stomach;  e,  Fhijllo- 
ffraptus  (?)  cambrensis  Walcott,  the  hydrosoma  of  a  graptolite. 

in  Fig.  124,  c  and  d.  Their  impressions  are  found  in  the  lower  division 
of  the  Cambrian. 

Obscure  forms  of  corals  were  also  present  (Fig.  124,  a  and  b)  though 
none  of  the  higher  types  has  yet  been  discovered.  The  forms  found 
resemble  sponges  so  much  that  they  were  long  regarded  as  such,  but 
recent  microscopical  examination  by  Hinde  seems  to  show  that  they  had 
a  coralline  nature. 

True  sponges  were  present  in  some  abundance  and  ranged  throughout 
the  period.  Their  spicules  have  been  sometimes  found  where  the 
general  form  and  the  fibrous  parts  have  perished. 

The  Cambrian  Protozoa. — It  is  probable  that  many  of  the  low 
simple  forms  classed  as  protozoans  were  present,  but  owing  to  their 
iinsuitability  to  preservation  as  fossils,  only  a  few  identifiable  forms 
have  been  found.* 

*  Several  are  described  by  G.  F.  Matthew  in  "The  Protelenus  Fauna,"  Trans.  N.  Y. 
Acad.  Sci.,  Vol.  XIV,  1895,  pp.  101-153. 
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Unidentifie'd  forms. — Besides  the  forms  that  can  be  identified 
there  are  some  which  cannot  be  interpreted  with  certainty.  Among 
these  are  certain  tracks  found  in  Canada,  Wisconsin,  and  elsewhere. 
Two  varieties  are  illustrated  in  Fig.  125.  They  consist  of  consecutive 
rows  of  V-like  forms  with  trail  markings  superposed,  as  though  fila- 
ments or  flexible  organs  were  dragged  over  the  impressions  imme- 
diately after  they  were  formed.  The  organs  that  made  the  V-like 
impressions  were  flexible,  as  shown  by  the  variation  in  the  form  of 


Fio.  125. — ^Unidentified  forms.    Tracks  of  an  unknown  animal  found  in  the  Upper 
Cambrian  sandstone  near  New  Lisbon,  Wis. 

the  tracks,  the  curvature  of  the  ridges,  and  the  shifting  of  the  posi- 
tion of  the  apex.  The  depth  of  the  impressions  and  the  compacting 
of  the  surface  of  the  sand  implies  a  rather  heavy  animal,  or  one  that 
burrowed  beneath  the  sand.  The  nature  of  the  animal  that  produced 
them  is  problematical.  There  are  other  impressions  that  consist  of 
rows  of  indentations,  as  though  made  by  the  feet  of  arthropods,  while 
still  others  are  continuous  grooves. 

Implied  life. — Scientific  geology,  in  the  strict  sense  of  the  term, 
contents   itself   with   considering   the   demonstrable  forms   and    their 


THE  CAMBRIAN  PERIOD.  289 

immediate  indications,  but  philosophical  geology  goes  further  and 
endeavors  to  supply  such  forms  as  may  be  necessary  to  fill  out  a  con- 
sistent assemblage  of  life.  It  has  already  been  noted  that  the  pres- 
ence of  so  much  animal  life  implies  much  vegetable  life  to  supply  the 
necessary  food.  This  inference  is  almost  as  firm  as  the  inference  that 
the  fossils  really  represent  organisms  that  once  lived,  which  was  once 
questioned,  but  is  now  regarded  as  a  scientific  conclusion.  Firm  infer- 
ences, like  that  of  the  presence  of  abundant  vegetation  in  the  Cambrian, 
grade  away  insensibly  into  others  that  are  weaker  and  weaker  until 
they  become  very  infirm.  There  is  hence  a  danger  of  extending  phil- 
osophical geology  until  it  shall  pass  into  speculative  geology,  ^vithout 
being  fully  aware  of  the  fact.  Great  circumspection  is  needed  when 
the  field  of  free  inference  is  invaded,  but  the  subject  of  ancient  life 
would  be  left  barren  of  half  its  interest,  and  most  of  its  stimulus,  if 
inferences  were  not  indulged  in  their  proper  places  and  to  their  proper 
degrees.  The  need  of  caution  arises  more  largely  perhaps  from  unrecog- 
nized alternatives  than  from  any  other  single  source.  For  example,  in 
the  inference  relative  to  vegetation  in  the  Cambrian  and  pre-Cambrian 
times,  which  seems  so  imperative,  it  is  barely  possible  that  an  early 
form  of  life  intermediate  between  plants  and  animals,  or  combining 
their  qualities,  and  ancestral  to  both,  may  have  lived  in  the  earliest 
ages,  and  have  possessed  the  power  of  organizing  organic  matter  from 
inorganic  matter.  These  may  have  furnished  the  ulterior  food  of 
the  animals,  instead  of  plants,  which  may  have  been  dififerentiated 
from  them  later.  And  so  even  the  strong  case  of  inferring  vegetation 
from  the  presence  of  animals  is  not  without  some  small  occasion  for 
reserve.  But  this  is  really  only  a  change  in  the  form  of  the  infer- 
ence rather  than  in  its  real  substance,  which  is  that  Cambrian  animals 
imply  the  existence  of  plants  or  of  unknown  organisms  that  performed 
the  chemical  functions  now  performed  by  plants. 

Duly  mindful  of  the  weaknesses  and  dangers  of  pressing  inferences 
too  far  and  duly  appreciative  of  their  stimulative  value  when  properly 
controlled,  we  may  inquire  how  far  the  forms  and  functions  of  the 
known  Cambrian  animals  suggest  the  existence  of  other  animals  whose 
presence  is  not  recorded.  A  large  percentage  of  the  known  Cam- 
brian animals  were  provided  with  shells,  tests,  plates,  or  other  forms 
of  hard  coverings.  In  the  main  these  appear  to  have  been  protective 
devices,  and  imply  enemies  or  combative  rivals  against  which  the 
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protection  was  needed.  Can  the  known  Cambrian  animals  have  con- 
stituted such  enemies,  or  must  others  be  supposed  to  have  existed 
to  furnish  a  good  reason  for  such  protective  provisions?  Perhaps  the 
most  significant  feature  of  the  protective  devices  lies  in  the  fact  that 
they  are  usually  of  the  same  type  as  those  possessed  by  the  corre- 
sponding animals  of  later  times.  The  shells  of  the  gastropods,  pelecy- 
pods,  and  brachiopods  dififer  from  those  of  to-day  only  in  minor  fea- 
tiu*es.  The  coverings  of  the  trilobites  are  very  much  the  same  as 
those  of  their  crustacean  relatives  in  existing  seas.  Much  the  same 
may  be  said  of  nearly  every  form.  If  there  had  been  a  radical  change 
in  the  character  of  their  enemies  or  rivals,  we  might  expect  some  nota- 
ble change  in  the  defensive  devices.  It  is  a  natural  inference,  there- 
fore, that  the  conflicts  of  life  in  the  Cambrian  waters  had  become  very 
much  what  they  have  been  in  later  times.  The  inference  may  be 
pushed  a  step  further,  and  the  deduction  drawn  that  the  conflicts 
which  led  to  the  evolution  of  the  defensive  devices  were  much  the 
same  that  they  have  been  throughout  the  period  of  their  retention. 
If  the  reign  of  the  great  predaceous  mollusks,  the  cephalopods,  and 
that  of  the  predaceous  fishes  be  supposed  to  have  reached  back  through 
the  Cambrian  period  to  the  time  when  the  armorings  of  the  various 
forms  were  acquired,  the  total  assemblage  of  attackers  and  defenders 
in  the  seas  would  have  been  very  much  the  same  as  it  is  now,  for  the 
marine  reptiles  and  mammals  that  have  come  in  since  have  not  essen- 
tially changed  the  nature  of  the  conflict.  The  occurrence  of  the  ceph- 
alopods in  the  closing  stage  of  the  Cambrian,  and  of  the  fishes  in  the 
succeeding  Ordovician  period,  removes  any  special  improbability 
from  the  hypothesis  that  they  were  present  in  the  early  Cambrian, 
and  perhaps  even  earlier. 

If  the  defensive  devices  of  the  Cambrian  animals  are  to  be  explained 
within  the  strict  limits  of  the  known  forms,  the  armor  of  the  large 
trilobites  must  apparently  be  regarded  as  a  defense  against  mem- 
bers of  their  own  race,  for  no  other  known  animal  apparently  had 
sufficient  celerity  of  motion  and  sufficient  strength  to  give  occasion 
for  such  protection.  A  similar  remark  may  be  made  of  the  great 
cephalopods  when  they  came  in  toward  the  close  of  the  period.  The 
protection  of  the  gastropods,  pelecypods,  brachiopods,  etc.,  of  the 
early  Cambrian  may  have  been  needed  as  a  defense  against  the  trilo- 
bites, but  it  is  not  at  all  clear  that  just  such  coverings  as  they  had 
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were  specially  adapted  to  defend  them  against  the  trilobites,  as  we 
should  expect  them  to  be  if  evolved  for  this  special  purpose. 

While  final  conclusions  can  scarcely  be  reached  by  such  studies, 
they  lend  interest  to  the  study  of  the  parts  which  are  chiefly  fossilized 
and  throw  a  little  light  on  the  life  of  these  early  inhabitants  of  the 
globe. 

Sociological  development. — If  sociology  be  defined  as  the  relation- 
ship of  one  living  thing  to  others,  the  relations  of  attack  and  defense 
may  be  said  to  constitute  the  militant  phase  of  the  sociological  develop- 
ment of  the  Cambrian  times.  These  beginnings  of  animal  sociology 
possess  no  small  interest  and  importance,  however  crude  they  may 
seem  to  be,  if  we  entertain  the  doctrine  of  evolution  in  its  broader 
phases  which  embrace  mental  as  well  as  physical  evolution.  The 
adjustment  of  the  organisms  to  one  another  and  the  development 
of  qualities,  physical  and  mental,  suited  to  such  adjustment,  is  a  sub- 
ject applicable  to  all  the  ages  in  which  conscious  life  prevailed,  and 
the  simple  lessons  of  its  crude  beginning  may  not  be  less  instructive 
than  the  more  intricate  ones  of  the  late  stages.  The  early  evidence, 
to  be  sure,  is  imperfect,  and  the  interpretation  is  by  no  means  sure, 
but  it  nevertheless  merits  attention. 

The  shells  of  trilobites  are  sometimes  found  together  in  large  num- 
bers. Occasionally  they  are  closely  packed,  "spoon-fashion."  Not 
unlikely  these  may  be  the  molted  shells,  for  the  habit  of  molting 
had  been  acquired  even  at  this  time.  Possibly  the  assembling  of 
the  shells  may  be  the  work  of  currents  or  similar  inorganic  agencies, 
but  the  suggestion  that  the  trilobites  were  gregarious,  either  habitually 
or  seasonally,  may  be  entertained.  Obscure  and  uncertain  as  these 
and  similar  suggestions  may  be,  we  shall  not  have  followed  the  his- 
tory of  life  development  far  before  the  evidences  of  social  relations 
will  be  distinct  and  unmistakable. 

Mental  development. — ^The  wars  of  the  Cambrian  inhabitants, 
implied  by  their  weapons  of  offense  and  defense,  can  scarcely  have 
been  unaccompanied  by  some  notable  measure  of  mental  develop- 
ment, however  the  nature  of  such  development  may  be  interpreted. 
That  the  trilobites  sought  their  food  or  pursued  their  prey  by  sight, 
and  were  guided  by  touch,  their  eyes  and  their  antennae  imply,  and 
it  is  difficult  to  conceive  of  these  actions  without  the  mental  processes 
that  usually  attended  on  pursuit  and  capture.    The  control  of  so  com- 
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plex  and  active  an  organism  as  that  of  the  trilobite  iiftplies  an  excellent 
development  of  the  nervous  system.  It  is  not  safe  to  attempt  to 
say  how  far  this  admirable  mechanism  was  directed  by  conscious  intelli- 
gence, as  distinguished  from  what  we  choose  to  call  automatic  or  instinc- 
tive action,  but  there  is  food  for  thought  m  placing  ourselves  face  to 
face  with  the  alternative  of  either  assigning  these  fine  organisms  and 
their  complex  activities  to  unconscious  automatism,  or  else  of  recogniz- 
ing in  them  the  early  stages  of  conscious  psychology.  Whether  our 
interpretations  be  wholly  correct  or  not,  it  is  better  to  give  a  passing 
thought  to  these  higher  problems  than  to  ignore  one  of  the  most  vital 
phases  of  life-evolution. 

Ecological  adaptations. — A  study  of  the  distribution  of  the  Cam- 
brian fossils  gives  indications  that  then,  as  ever  since,  there  was  an 
adaptation  of  life  to  its  inmiediate  physical  environment.  The  life 
appears  to  have  varied  with  the  nature  of  the  bottom,  with  the  depth 
of  the  water,  and  with  other  marine  conditions,  much  as  it  does  to-day. 
There  were  mud-bottom  faunas,  sand-bottom  faunas,  and  like  adapta- 
tions. There  seem  to  have  been  zones  of  shore  life  (littoral),  of  off- 
shore life  (photobathic),  and  of  deep-sea  life  (pelagic  and  abysmal), 
although  the  evidence  of  the  last  is  scant.  It  is  important  to  recog- 
nize these  variations  in  the  comparison  and  correlation  of  faunas,  for 
considerable  differences  may  occur  among  faimas  which  were  strictly 
contemporaneous.  Except  in  the  case  of  floating  forms,  that  are 
relatively  indifferent  to  the  bottom,  it  is  usually  possible  to  judge  of 
the  nature  of  the  conditions  under  which  the  animals  lived  from  the 
nature  of  the  sediments  in  which  the  fossils  are  imbedded. 

Zoological  provinces. — ^The  assemblages  of  the  life  of  the  period 
seem  to  have  varied  in  a  broader  way,  giving  rise  to  zoological  provinces. 
The  leading  agents  in  developing  these  provinces  were  probably  barriers 
that  isolated  certain  portions  of  the  sea  from  other  portions.  The 
isolation  was  not  complete  in  most  cases,  but  reached  such  a  degree 
of  separation  as  to  cause  the  life  of  each  area  to  develop  along  its  own 
lines,  in  more  or  less  independence  of  the  evolution  of  other  regions. 
The  leading  principles  involved  have  been  set  forth  in  Volume  I,  pp.  663- 
672,  particularly  in  that  portion  which  relates  to  provincial  and  cos- 
mopolitan evolution,  pp.  668-672. 

The  early  faunas  of  the  Cambrian  were  somewhat  provincial  in 
nature,   though  the  provinces  appear  to  have  been  large.    Toward 


THE  CAMBRIAN  PERIOD,  293 

the  close  of  the  period,  as  the  seas  crept  out  upon  the  face  of  the  con- 
tinents, there  was  a  marked  tendency  toward  cosmopolitanism.  The 
impression  that  life  was  eyerywhere  the  same  at  a  given  stage  in  the 
early  ages,  which  naturally  arises  from  the  very  general  and  limited 
treatment  of  the  faimas  to  which  works  of  this  kind  are  confined  by 
their  limitations  of  space,  is  to  be  guarded  against.  There  was  prob- 
ably less  variation  in  the  life  of  the  different  regions,  during  most  of 
the  geological  epochs,  than  there  is  to-day,  but  it  is  not  certain  that 
this  was  true  of  all  past  epochs,  and  in  none  of  them  was  there  prob- 
ably anything  like  complete  uniformity  over  the  whole  globe,  though 
there  was,  at  times,  much  tendency  in  that  direction,  as  implied  by 
the  term  cosmopolitanism. 

Comparison  of  pre-Cambrian  and  post-Cambrian  evolution. — ^After 
this  summary  review  of  the  Cambrian  life,  it  is  appropriate  to  return 
to  the  question  raised  at  the  outset  relative  to  the  degree  of  develop- 
ment which  this  first  well-preserved  faima  exhibits.  On  the  anatomi- 
cal and  physiological  side,  it  is  clear  that  nearly  or  quite  all  the  funda- 
mental organs  had  been  developed.  There  were  skeletal  systems 
of  several  forms;  there  were  muscular  systems,  as  shown  by  the  impres- 
sions and  protrusions  on  shells  and  as  implied  by  the  articulate  struc- 
ture of  the  trilobites;  there  were  nervous  systems,  as  implied  by  eyes 
and  other  evidences  of  sense-organs,  and  by  the  need  for  muscular 
control;  there  were  organs  for  capturing  and  ingesting  food,  and 
hence,  almost  certainly,  organs  of  digestion,  secretion,  excretion,  and 
respiration;  in  short,  there  were  practically  all  the  great  anatomical 
and  physiological  systems  now  possessed  by  animals.  The  Cambrian 
aninmls  had  acquired  the  various  modes  of  life  possessed  by  existing 
animals  of  their  kind,  as  well  as  the  various  modes  of  preserving  their 
lives.  It  is  probable  that  all,  or  nearly  all,  the  senses  had  some  develop- 
ment, though  this  cannot  be  proved  for  certain  senses.  The  eyes  of 
the  trilobite  show  that  that  wonderful  organ  was  already  developed 
in  a  notable  degree. 

In  the  evaluation  of  these  evolutions  it  is  not  to  be  overlooked  that 
the  initiation  of  all  these  structures  and  fimctions  is  involved. 

In  the  matter  of  the  divergence  and  the  isolation  of  classes,  and 
the  establishment  of  type  forms,  it  is  to  be  again  noted  that  not  only 
were  all  the  animal  subkingdoms,  save  perhaps  the  vertebrate,  pres- 
ent, but  that,  in  many  of  them,  the  forms  had  come  to  have  so  nearly 
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the  aspect  of  present  forms  that  the  classes  and  some  orders  are  readily 
recognized. 

The  concrete  question  then  arises,  How  does  the  initiation  and 
the  divergence  of  the  structures  and  of  the  types  that  preceded  the 
Cambrian  stage  compare  with  the  developments  since?  The  answers 
given  by  expert  students  of  life-development  very  naturally  vary,  but, 
so  far  as  known  to  us,  they  all  assign  a  decidedly  greater  value  to  the 
pre-Cambrian  than  to  the  post-Cambrian  evolution.  Formulated  in 
numerical  terms,  from  sixty  to  ninety  per  cent,  of  the  whole  evolution 
is  attributed  to  pre-Cambrian  times. 

The  Succession  of  Faunas. 

Under  the  doctrine  of  evolution,  it  is  presumed  that  the  life  of 
every  past  stage  has  grown  out  of  that  which  inmiediately  preceded 
it,  and  that  it  has  merged  into  that  which  immediately  followed  it. 
It  is  usually  assumed  that  if  no  exceptional  influences  affected  the 
process,  there  was  a  continuous  series  of  slow  changes  without  sharp 
lines  of  demarkation.  If  this  conception  were  realized  in  fact,  it  would 
be  less  appropriate  to  speak  of  a  succession  of  faunas  than  of  one  con- 
tinuous ever-changing  faima.  It  is  not  yet  demonstrated,  however, 
that  evolution  proceeded  solely  by  very  sUght  changes  coming  in  from 
generation  to  generation.  A  doctrine  of  evolution  by  distinct  and 
abrupt  mutations  has  recently  been  advanced  by  DeVries.^  This 
maintains  that  changes  as  great  as  those  usually  regarded  as  distinguish- 
ing species  may  take  place  between  parent  and  offspring,  and  that 
the  new  characters  so  introduced  may  be  perpetuated  and  remain 
permanent.  This  is  equivalent  to  maintaining  that  new  species  may 
arise  abruptly  when  the  parent  form  is  in  what  is  termed  the  muta- 
ting stage.  It  is  not  held  that  these  changes  take  place  in  all  species 
at  all  stages,  but  only  in  some  species  at  certain  periods  of  their  exist- 
ence when  they  are  in  this  mutating  condition.  The  doctrine,  as 
at  present  held,  does  not  maintain  that  a  whole  fauna  would  be  likely 
to  change  into  a  different  fauna  abruptly,  but  merely  that  new  species 
might  arise  in  it  abruptly.  At  present  the  doctrine  rests  chiefly  on 
observations  and  experiments  made   on  a  few  plants.    It  remains 

*  Die  Mutationstheorie,  1903.  See  also  Bateson's  Materials  for  the  Study  of  Varia- 
tion, 1894;  and  W.  B.  Scott,  On  Variations  and  Mutations,  Am.  Jour.  Sci.,  1894,  p. 
355. 
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for  more  extensive  experimental  studies  to  substantiate  or  overthrow 
this  most  important  doctrine.  While  awaiting  the  fate  of  this  and 
cognate  biological  doctrines,  it  is  to  be  noted  that  the  geological  record, 
as  now  known,  does  not  show  a  complete  gradation  from  one  species 
into  another,  though  this  may  be  due,  as  conmionly  assigned,  to  the 
imperfection  of  the  record.  In  some  cases  there  is  a  close  approxi- 
mation to  a  graded  series  from  one  species  to  another,  but  the  steps 
of  the  gradation  are  not  sufficiently  close  and  definite  to  decide  between 
evolution  by  an  infinite  nimiber  of  small  changes,  and  a  more  abrupt 
change,  masked  more  or  less  by  variations,  as  postulated  by  the  muta- 
tion theory. 

If  we  turn  from  species  to  faunas,  which  embrace  a  large  number 
of  species  belonging  to  quite  different  orders,  it  is  obvious  that  a  niore 
general  point  of  view  must  be  taken,  and  that  inferences  connected 
with  biological  and  physical  environment,  such  as  set  forth  in  Volume  I, 
pp.  663-672,  are  to  be  brought  under  study.  As  a  matter  of  obser- 
vation, it  appears  that  sometimes  one  fauna  graduates  into  the  suc- 
ceeding one,  while  at  other  times  the  change  is  apparently  abrupt. 
If  the  progress  of  life  the  world  over  could  be  studied  as  a  unit,  it  would 
probably  appear  that  there  was  a  nearly  perfect  gradation  of  the  life 
of  one  stage  into  that  of  the  next.  This  gradation  probably  took 
place  more  rapidly  at  some  times  than  at  others,  and  it  is  quite  cer- 
tain that  some  forms  changed  much  more  rapidly  than  others.  But 
when  we  limit  our  study  to  the  succession  of  life  of  any  one  continent, 
or  to  that  of  its  coasts  or  embajinents,  or  to  that  of  some  one  of  the 
seas  on  its  borders  or  on  its  bosom,  or  to  that  of  any  limited  province, 
it  is  evident  that  the  progress  of  evolution  in  the  given  region  was 
subjected  to  interruption  by  physical  changes,  such  as  affected  the 
depth,  temperature,  or  clarity  of  the  water,  the  nature  of  the  bottom 
and  like  elements  of  the  local  environment,  and  that  these  brought 
about  shiftings  in  the  distribution  of  life.  Out  of  these  local  influences 
superposed  on  the  general  progress  of  life  there  grew  rather  definite 
stages  of  change  between  which  the  faimas  retained  a  rather  constant 
and  distinctive  aspect,  though  always  undergoing  some  modification. 
Where  the  change  is  foimd  to  have  been  abrupt  and  there  is  no  evidence 
of  a  break  in  the  record,  the  explanation  is  usually  to  be  sought  in 
migration,  by  which  a  new  faima  came  in  from  somewhere  else  and 
the  old  fauna  emigrated  to  a  new  field,  or  was  overwhelmed  by  the 
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invaders.  Comparatively  slight  changes  in  the  relations  of  sea  to 
land  were  competent  to  introduce  or  to  remove  barriers  and  to  per- 
mit such  migratory  movements  (see  pp.  668-672,  Vol.  I).  The  whole 
process  is  closely  analogous  to  the  well-known  succession  of  the  human 
races  that  has  been  brought  about  by  the  migrations  of  man  in  the 
Old  and  New  Worlds. 

Pondering  upon  these  agencies,  it  becomes  clear  that  in  the  study 
of  faunal  progress  there  is  occasion  to  recognize  (1)  rather  abrupt 
changes  brought  about  by  overwhelming  invasions;  (2)  less  abrupt 
changes  brought  about  by  the  more  gradual  inflow  of  foreign  species, 
and  the  gradual  commingling  of  the  immigrants  with  the  resident 
species;  (3)  very  gradual  changes,  or  nearly  constant  states,  due  to 
the  slow  evolution  of  resident  species  when  not  much  affected  by  immi- 
gration or  by  physical  changes;  and  (4)  more  rapid  evolution  due  to 
profound  changes  in  the  physical  conditions  or  in  other  agencies  affect- 
ing the  life,  including  perhaps  the  unknown  causes  that  may  have 
brought  about  a  mutating  stage  simultaneously  in  large  nimibers  of 
the  leading  species. 

The  greatest  of  the  faunal  changes  are  those  that  mark  the  close 
of  "  Eras  "  and  of  the  greater'*  Periods  "  (using  these  terms  in  theur  tech- 
nical senses) ;  but  within  the  "  Periods  "  there  were  less  radical  changes 
that  marked  off  the  lesser  successions  of  the  faunas.  Within  the  Cam- 
brian period,  three  stages  in  the  life  progress  are  recognized  and  these 
are  made  the  ground  for  distinguishing  the  Lower  (or  OleneUus),  the 
Middle  (or  Paradoxides) ,  and  the  Upper  (or  Dikellocephalus)  fanuas  of 
the  period.  It  is  to  be  understood  that  there  were  not  a  few  species 
which  lived  from  one  stage  into  the  next  and  constituted  bonds  between 
the  faimas,  and  that  the  demarkation  is  not  very  distinct,  but  there 
were  leading  forms  that  were  confined  to  the  individual  stages  and 
characterized  them  and  their  faunas. 

The  Lower  Cambrian  or  Olenellus  fauna.^ — The  most  characteristic  genus  of 
the  lower  fauna  is  the  OleneUus,  a  finely  developed  trilobite  of  which  three 
types  are  illustrated  herewith,  OleneUus  gUberti  (Fig.  126,  6),  Holmia  (OleneUus) 
hr^ggeri  (Fig.  118,  a),  and  Mesonacis  (OleneUus)  vermontana  (Fig.  126,  a).      All 

*  See  The  Fauna  of  the  Lower  Cambrian  or  OleneUus  Zone,  by  Chas.  D.  Walcott, 
Tenth  Ann.  Rept.,  U.  S.  Geol.  Surv.,  1888-89,  and  the  papers  therein  referred  to. 
Mr.  G.  F.  Matthew,  who  has  given  much  study  to  the  Cambrian  faunas  of  the  Cana- 
dian provinces,  interprets  the  succession  somewhat  differently  from  Walcott,  who  is 
here  followed.     See  Matthew's  papers  referred  to  in  foot-note,  p.  280. 
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of  these  were  formerly  placed  under  the  genus  OlenelluSy  but  the  last  two  are 
now  generally  recognized  as  separate  genera,  and  are  highly  characteristic  of  the 
Lower  Cambrian  horizons.  Holmia  is  found  in  the  coast  province,  and  in 
Europe,  notably  in  Sweden;  it  occurs  rarely  in  the  Appalachian  province. 
Mesonads  is  found  in  both  the  Appalachian  and  coast  tracts.  Olenellus  giJberti 
(Fig.  126)  is  a  typical  form  found  in  the  western  provinces.  0.  Thompsoni  occurs 
in  the  Appalachian  tract.  The  lowest  order  of  trilobites  (the  Hypoparia)  is  repre- 
sented by  Microdiscus  speciosus  (Fig.  126,  c).  Its  primitive  characters  are  shown 
in  the  apparent  absence  of  eyes,  the  small  number  of  thoracic  segments,  and  its 
similarity  to  the  early  stages  of  the  higher  trilobites.   At  least  fifteen  genera  of  trilo- 


Fio.  126. — Lower  Cambrian  Fossils.  Trilobites:  a,  Mesonads  (Olenellus)  vermontana 
Hall;  6,  Olenellus  gUberti  Meek;  c,  Microdiscus  speciosus  Ford;  Brachiopods: 
d  and  c,  Kviorgina  cingulata  Billings,  side  and  dorsal  or  brachial  \iews;  /  and  gr, 
Iphidea  labradorica,  var.  swansonensis  Walcott,  dorsal  or  brachial  valve  and  cross- 
section;   t,  Lingulella  ccslata  Hall;   Gastropod:  h,  Platyceras  prinusvum  Billings. 


bites,  represented  by  fifty  species,  have  already  been  found  in  the  Lower  Cam- 
brian of  America.  Of  brachiopods  at  least  ten  genera  and  thirty  species  are 
known,  and  many  more  will  doubtless  be  found.  Among  the  characteristic  forms 
are  Kutorgina  cingvlata  (Figs.  126,  d  and  c),  Iphidea  labradorica  var,  swantonensia 
(Figs.  126,  /  and  g),  Protorhyncha  antiquata  (Fig.  121,  6),  Oholella  gemnia  (Fig. 
121,  a),  BUlingaella  transversa  (Fig.  121,  e)  and  Acrotreta  gemma  (Fig.  121,  c  and 
d),  and  lAngulella  ccdata  (Fig.  126,  i).  Of  gastropods,  at  least  a  half-dozen  genera 
and  a  dozen  species  are  known,  among  which  were  Stenotheca  rugosa  (Fig.  120, 
c  and  d),  and  Platyceras  primcevum  (Fig.  126,  h),  characteristic  forms.  Among 
the  typical  pelec3rpods  was  FordiUa  troyensis  (Fig.  120,  6).    A  quite  common 
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fossil  all  through  the  Cambrian  was  the  Hyolithes,  usually  referred  to  the  ptero- 
pods.     H,  americanus  (Fig.  120,  a)  was  one  of  many  Lower  Cambrian  species. 

There  were  forms  usually  referred  to  sponges,  but  identified  by  Hinde  as 
corals,  such  as  ArchwocycUhiLs  rensselaricus  (Fig.  124,  a  and  6)  and  hydrozoa, 
such  as  PhyllograptiLS  camhrensis  (Fig.  124,  e).  Fig.  124,  c  and  d,  BrookseUa 
altemata,  represent  a  series  of  singular  forms  regarded  by  Nathorst  and  others 
as  the  casts  of  the  gastric  cavity  of  a  medusa.*  There  were  worm-borings,  tracks, 
and  unidentifiable  forms,  making  up,  altogether,  a  rather  varied  fauna. 

The  Middle  Cambrian  or  Paradozides  fauna. — The  general  aspect  of  the  fauna 
of  the  Middle  Cambrian  was  similar  to  that  of  the  lower  division.    There  was  but 


Fig.  127. — Middle  Cambrian  Fossils.  Trilobites:  a,  Paradoxides  bohemicus  Boeck; 
6,  Olenoides  curticei  Walcott;  c,  Ptychoparia  hingi  Meek;  d,  AgnoMus  inierstruius 
WWte;  Brachiopods:  c,  Protorthis  bilHngsi  (Hartt);  g,  Linnaraonia  transversa 
(Hartt);    Gastropods:  /,  Harttia  maithem  Walcott,  interior  of  the  shell. 


slight  evidence  of  advance  in  organization,  and  as  knowledge  now  stands,  no 
increase  in  numbers,  but  apparently  a  decline,  which  is  probably  merely  a  defect 
of  the  record.  The  Olenellus  had  disappeared  and  the  Paradoxidea  (Fig.  127,  a) 
reigned  in  its  stead.  The  trilobites  appear  to  have  reached  their  climax  in  size 
in  certain  species  of  the  Paradoxides,  some  individuals  attaining  a  length  of  a 
foot  and  a  half,  but  there  was  further  advance  in  structure  and  numbers  in  the 

*  For  a  special  discussion  and  numerous  illustrations  of  these  forms,  see  Fossil 
Medusae,  Mono.  XXX,  U.  S.  Geol.  Surv.,  1898,  by  Walcott. 
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succeeding  epochs.  Crepicephalus  texanus  (Fig.  118,  6)  and  Olenoides  curticei 
(Fig.  127,  b)  are  interesting  trilobites  belonging  to  the  middle  fauna.  Ptycho- 
paria  kingi  (Fig.  127,  c)  and  P,  antiqua  (Fig.  118,  c)  are  species  characteristic  of 
the  middle  stage,  but  the  genus  ranges  both  below  and  above.  Agnoslus  inter- 
strictus  (Fig.  127,  d)  and  A,  obtusilobus  (Fig.  118,  d)  represent  the  lowest  type  of 
trilobites.  Brachiopods,  as  before,  were  next  to  the  trilobites  in  importance. 
Protorthis  biUingsi  (Fig.  127,  e)  and  Ldnnarssania  transversa  (Fig.  127,  g)  are 
distinguishing  species.  Acrotreta  gemma  (Fig.  121,  c  and  d)  and  some  other 
species  of  the  lower  fauna  lived  through  the  middle  and  into  the  upper  stage. 
Harttia  matthem  (Fig.  127,  /)  represents  an  interesting  gastropod  of  the  time. 
HyolitheSf  representing  the  pteropods,  were  conmion;  other  pteropods  were 
few.  Plates  of  cj^tidians  (EocystUes  prim<Bvus,  Fig.  123)  have  been  found, 
but  no  complete  forms. 

The  fauna  as  here  characterized  is  that  which  prevailed  in  the  Atlantic  prov- 
ince. In  the  interior  and  western  province,  no  very  distinct  Middle  Cambrian 
fauna  has  been  detected  and  the  life  of  that  stage  does  not  seem  to  have  closely 
corresponded  to  that  of  the  Atlantic  province. 

The  Upper  Cambrian  or  Dikellocephalus  fauna. — The  most  characteristic  trilo- 
bite  of  the  Upper  Cambrian  of  America  is  the  Dikellocephalus ,  while  in  Europe 
it  is  OlenuSy  though  Dikellocephalus  occurs  there.  The  D.  pepinensis  (Fig.  128,  a) 
is  a  typical  species.  There  were  many  smaller  trilobites,  among  which  were 
species  of  Ptychoparia,  Conocoryphe,  Crepicephalus,  AgraiUus,  etc.  Brachiopods 
were  well  represented  by  phosphate  hnguloid  shells,  of  which  Ldngvlepis 
pinniformis  (Fig.  128,  e  and  /)  and  Obolella  polita  (Fig.  128,  g)  may  be  taken  as 
typical,  and  by  shells  of  calcium  carbonate  of  which  Pleciorthis  newtonensis  (Fig. 
128,  b  and  c)  and  BiUingseUa  coloradoensis  (Fig.  128,  m  and  n)  are  examples. 
The  Hyolithes  (Fig.  128,  d)  were  still  conmion.  Gastropods  were  abundant  in  favor- 
'  able  localities,  and  were  represented  by  shells  of  the  cap  t)T)e,  by  those  coiled  into 
a  spire,  as  Holopea  sweeti  (Fig.  128,  h),  by  those  coiled  in  a  plane,  as  BeUerophon 
antiquatus  (Fig.  128,  i  and  f),  and  by  those  having  a  depressed  coil,  as  Ophileta 
primordialis  (Fig.  128,  A;  and  Z).  Pelecypods  and  cephalopods  were  rare;  as  were 
also  corals  dnd  cystoids.  Annelids  are  quite  frequently  represented  by  borings 
and  occasionally  by  mounds  heaped  about  the  openings  of  these  and  by  trails 
leading  away  from  them,  as  shown  in  Fig.  122.  Greensand  (Glav^conite,  a  silicate 
of  potash  and  iron)  is  rather  abundant  in  certain  horizons  of  the  Upper  Cambrian. 
As  much  of  the  glauconite  of  later  beds  is  associated  with  rhizopod  shells,  and 
is  now  forming  in  connection  with  them,  the  abundant  presence  of  rhizopods  in 
the  Upper  Cambrian  is  inferred.  Near  the  sununit  of  the  Cambrian  series,  as  it 
is  usually  defined,  graptolites  (Fig.  124,  e)  become  abimdant  and  wide-spread, 
and  characterize  a  horizon  known  as  the  Dictyonema  beds. 

The  foreign  Cambrian  faunas. — There  is  a  rather  close  correspond- 
ence between  the  faunas  of  the  eastern  American  province  and  those 
of  the  western  and  southern  European  provinces,  which  is  but  another 
way  of  saying  that  the  faunas  aroimd  the  border  of  the  North  Atlantic 
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were  much  alike.  Those  of  the  interior  and  western  portion  of  America 
appear  to  have  been  more  nearly  correlated  with  the  faunas  of  central 
and  eastern  Eurasia.  Richthofen  found  typical  Cambrian  fossils  in 
eastern  China,  and  his  observations  have  been  confirmed  and  extended 
recently  by  Willis  and  Blackwelder.  Fossils  of  the  Cambrian  aspect, 
but  somewhat  divergent  from  the  European  types,  occur  in  the  Salt 


Fig.  128. — Upper  Cambrian  Fossils.  Trilobites:  a,  DikeUocephahis  pepinensis,  Owen. 
Brachiopods:  b  a.nd  c,  Plednrthis  newtonensis  Weller,  internal  casts  of  the  brachial 
or  dorsal  and  pedicle  or  ve^^+ral  valves;  e  and  /,  Ldngukpia  pinniformis  Owen, 
views  of  the  two  valves;  g,  Obolella  polita  Hall;  m  and  n,  BilHngsella  coloradoenxis 
(Shtim.).  Gastropods:  h,  Holopea  sweeti  Whitfield;  i  and  ;,  BeUerophon  anHquatun 
Whitfield,  two  views  of  the  same  shell;  k  and  I,  Ophileta  primordalia  Winchell, 
two  views  of  the  same  shell.  Pteropod:  d,  Ilyolithes. 


range  of  India,  while  more  typical  forms,  embracing  Olenellus  and 
Dikellocephalus,  are  f dimd  in  south  Australia  and  Tasmania.  The  Upper 
Cambrian  fauna  is  foimd  in  northern  Argentina.  Taken  altogether 
these  facts  show  that  the  same  general  types  of  life  prevailed  through- 
out the  world,  so  far  as  known,  while  there  were  notable  provincial 
variations  then,  as  at  all  later  stages. 
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The  abrupt  appearance  of  the  Cambrian  fauna. — ^The  explanation  of 
the  apparent  suddenness  of  the  appearance  of  the  Cambrian  faima 
is  one  of  the  open  questions  of  geology.  In  a  general  way,  it  may 
be  said  that  the  previous  beds  were  subjected  to  distortion  and  meta- 
morphism  and  that  this  was  liable  to  destroy  any  fossils  that  might 
have  been  preserved;  but  this  is  not  wholly  satisfactory,  for  some 
of  the  earlier  beds  are  not  greatly  changed,  and  seem  quite  capable  of 
receiving  and  retaining  organic  impressions.  Tn  later  formations  that 
have  been  considerably  disturbed  and  changed,  fossils  are  sometimes 
retained.  It  is  equally  true  that  later  beds  that  seem  quite  capable 
of  receiving  and  retaining  organic  impressions  are  devoid  of  them. 
On  the  whole,  geologists  seem  inclined  to  refer  the  scantiness  of  pre- 
Cambrian  fossils,  and  hence  the  apparent  abruptness  of  the  intro- 
duction of  the  Cambrian  faima,  to  unfavorable  conditions  for  fossili- 
zation,  combined  with  subsequent  changes  in  the  rock.  This  makes 
the  abruptness  merely  a  matter  of  preservation,  not  of  evolution  or 
real  introduction.  Two  suggestions  have;  however,  been  made  which 
entertain  the  thought  that  the  coming  of  the  Cambrian  life  into  the 
shallow  seas  about  the  continents,  and  the  taking  on  of  its  character- 
istic forms,  were  really,  in  some  measure,  abrupt,  though  the  general 
evolution  of  life  elsewhere  and  imder  other  conditions  had  long  been 
in  progress. 

Brooks'  hypothesis. — The  first  of  these  ^  postulates  that  the  earlier 
forms  of  life  originated  in  the  surface-waters  of  the  open  ocean,  as 
one-celled  organisms,  and  that,  because  of  the  simple  and  monotonous 
conditions  there  prevalent,  the  pelagic  plant  life  has  remained  simple 
and  unicellular  in  the  main  to  the  present  time  and  still  constitutes 
the  chief  food  of  all  marine  animals.  There  was  little  occasion  for 
unicellular  organisms  to  develop  into  aggregated  forms,  for  in  the 
water  separate  cells  had  larger  contact  with  the  food-supplies  and 
with  the  simlight  than  aggregated  cells.  It  was  only  when  the  life 
became  attached  to  the  bottom  or  shore,  or  crept  out  upon  the  land, 
that  aggregation  of  cells  and  the  development  -of  complex  organisms 
became  a  marked  feature  in  evolution.  At  first  the  conditions  were 
imfavorable  for  life-development  on  the  land  and  on  the  sea-borders; 

*  W.  K.  Brooks,  The  Origin  of  the  Oldest  Fossils  and  the  Discovery  of  the  Bot- 
tom of  the  Ocean,  Jour.  Geol,  Vol.  II,  1894,  pp.  455-479.  Some  features  have  been 
here  added  to  the  hypothesis. 
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for  under  this  hypothesis  the  land  was  still  barren  and  its  waters  were 
wholly  sterile  so  far  as  food  for  animals  was  concerned.  Besides,  on 
account  of  the  unprotected  nature  of  the  land  surface,  the  wash  was 
unrestrained  and  the  waters  were  doubtless  uncommonly  silty.  As 
a  result,  the  sea  waters  about  the  borders  of  the  land  were  at  once 
sterile  and  muddy,  and  hence  uninviting  to  most  marine  animals. 
It  was  only  as  the  plants  spread  to  the  shores  and  crept  over  the  land 
that  the  shore  waters  became  clear  and  enriched  in  organic  material. 
When  at  length  vegetation  made  the  shores  and  shallow  waters  con- 
genial homes  for  animals,  they  are  thought  to  have  planted  them- 
selves there  and  to  have  evolved  types  adapted  to  that  environment 
with  relative  rapidity. 

The  second  hypothesis. — The  other  suggestion  involves  an  opposite 
point  of  origin  and  an  opposite  direction  of  distribution.  It  assimaes 
that  the  first  forms  of  life  were  simple  plants  that  originated  in  the 
land  waters.  In  this,  appeal  is  made  to  the  observation  of  botanists 
that  the  fresh-water  plants  are  of  more  germinal  and  plastic  types 
than  the  marine  plants  and  are  apparently  better  suited  to  dififerentiate 
into  the  present  rich  and  varied  vegetable  kingdom.  They  were  better 
situated  for  this  since  the  great  differentiations  of  the  vegetable  king- 
dom have  taken  place  chiefly  on  the  land.  This  hypothesis  further 
assimies  that  the  early  animals,  to  a  greater  or  less  degree,  had  their 
origin  in  the  same  waters,  and  like  the  plants  on  which  they  were  depend- 
ent spread  thence  to  the  sea  and  out  upon  the  land.  It  is  conceived 
that  there  might  be  considerable  development  of  the  aquatic  forms 
of  animal  life,  such  as  the  fishes,^  mollusks,^  crustaceans,  etc.,  in  the 
land  waters  before  they  became  denizens  of  the  seas,  and  their  appear- 
ance in  the  latter  might  be  at  some  rather  advanced  stage  of  their 
evolution  and  hence  be  seemingly  sudden.  As  has  been  noted,  it  was 
only  after  the  ocean  waters  were  plentifully  enrichea  in  vegetable 
matter  that  the  stationary  forms  of  marine  life  could  be  sufficiently 
supplied  with  food.  This  enrichment,  however,  does  not  necessarily 
imply  a  very  great  period,  geologically  speaking. 

It  is  doubtful  whether  either  of  these  suggestive  hypotheses  recog- 

*T.  C.  Chamberlin,  On  the  Habitat  of  the  Early  Vertebrates,  Jour,  of  Geol., 
Vol.  VIII,  1900. 

'  F.  W.  Sardeson,  The  Phylogenic  Stage  of  the  Cambrian  Gastropoda,  Jour,  of 
Geol.,  Vol.  XI,  No.  5,  1903. 
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nizes  suflSciently  the  fact  that  a  great  evolution  of  ancestral  forms  must 
apparently  have  taken  place  in  a  conamon  body  of  water,  and  in  close 
association  with  one  another,  for  their  defensive  coverings  are  good 
evidences  that  they  had  lived  and  battled  together  long  enough  to 
evolve  these  and  all  the  structures,  habits,  activities,  and  dependencies 
that  go  with  them. 


CHAPTER  VL 
THE  ORDOVICIAN   (LOWER  SILURIAN)  PERIOD. 

Formations  and  Physical  History. 

That  no  considerable  physical  change  took  place  in  the  relations 
of  land  and  water  in  North  America  at  the  close  of  the  Cambrian  period 
as  usually  defined  is  shown  by  the  general  conformity  between  the 
Ordovician  and  Cambrian  systems.  Where  unconformity  exists,  it  is 
relatively  slight.  There  is  here  no  considerable  "  lost  interval "  during 
which  the  record  of  sedimentation  is  unknown,  and  the  map  which 
shows  the  relations  of  land  and  water  in  our  continent  at  the  close 
of  the  Cambrian  (Fig.  95)  serves  also  to  indicate  their  relations  at 
the  opening  of  the  Ordovician. 

It  has  been  seen  that  during  the  Cambrian  period,  so  far  as  North 
America  is  concerned,  the  sea  slowly  encroached  on  the  land.  During 
the  Ordovician  period  which  followed,  the  climax  of  the  transgression 
was  reached,  and  an  epicontinental  sea  (Vol.  I,  p.  11)'  stood  over  much 
of  the  continent  (Fig.  129).  This  general  statement  is  not  to  be  con- 
strued to  mean  that  the  continental  area  was  altogether  Without  move- 
ment during  this  period.  There  is  reason  to  believe  that  temporarj' 
and  local  oscillations  of  level,  either  of  the  land  or  of  the  sea,  or  of 
both,  sufficient  to  change  conditions  of  sedimentation,  were  repeated 
many  times  and  in  many  places  during  the  period,  and  that  at  its 
close,  geographic  changes  of  great  importance  took  place. 

Sedimentation  During  the  Ordovician  Period. 

So  long  as  the  sea  was  encroaching  on  the  land,  as  in  the  Cam- 

^  brian  period,   the  sediments  deposited  within  the   continental  area 

were  predominantly  clastic.    Deposits  of  organic  sediments   (shells, 

coral,  etc.,  and  their  comminuted  products),  together  with  more  or 

less  land-derived  detritus,  were  being  made  in  the  clearer  waters  beyond 
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Fio.  129. — Map  showing  the  general  condition  of  the  North  American  continent  in 
Mid-Ordovician  (Trenton)  time.  The  black  portions  represent  areas  where  the 
Middle  Ordovidan  beds  appear  at  the  surface.  These  areas  so  nearly  correspond 
with  the  areas  where  the  Ordovician  system  as  a  whole  appears  at*  the  surface 
that  no  serious  error  is  involved  if  the  black  areas  be  interpreted  as  Ordovician 
The  various  conventions  of  the  map  are  the  same  as  in  Fig.  38,  p.  147. 
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the  reach  of  abundant  terrigenous  sediments;  but  within  the  Umits 
of  the  North  American  continent  such  formations  were  relatively 
unimportant. 

The  conditions  of  sedimentation  during  the  Ordovician  period  were 
somewhat  different  from  those  of  the  Cambrian  period.  Upon  such 
lands  as  still  remained,  the  winds,  the  rains,  the  changes  of  tempera- 
ture and  the  plants  and  animals,  if  then  present,  operated,  weathering 
the  rock  and  preparing  it  for  removal  to  the  sea.  But  the  diminished 
area  of  the  land  within  North  America  was  attended  by  a  decrease 
in  the  amount  of  terrigenous  sediment  transported  to  the  sea,  while 
the  increased  (though  still  shallow)  depth  of  the  epicontinental  waters 
tended  to  prevent  its  transportation  far  from  shore.  While  the  deposi- 
tion of  terrigenous  sediment  was  in  progress  near  the  land^  other  phases 
of  sedimentation  were  in  progress  farther  from  it,  where  wind-blown 
dust,  and  shells  and  skeletons  of  marine  animals  and  plants,  were 
accumulating. 

Since  the  land  areas  of  the  Ordovician  period  were  of  various  sizes, 
of  various  sorts  of  rock,  and  presumably  of  various  heights,  conditions 
apparently  existed  for  the  deposition  of  all  sorts  of  sediments  about 
their  borders.  The  conditions  which  determined  variations  in  the 
sediment  also  influenced  the  rate  of  sedimentation.  The  accumula- 
tion was  doubtless  more  rapid  along  the  borders  of  such  a  land  mass 
as  that  in  the  eastern  part  of  the  United  States,  than  about  the  smaller 
islands  at  various  points  farther  west,  and  sediments  must  have  gathered 
more  rapidly  on  that  side  of  any  land  mass  towards  which  the  larger 
part  of  its  drainage  was  directed,  than  on  the  other. 

The  sediments  deposited  during  the  Ordovician  period  are  in  keep- 
ing with  these  general  principles.  Adjacent  to  the  broad  but  not 
deep  arm  of  the  ocean  which  covered  the  larger  part  of  the  Mississippi 
basin  (Fig.  129)  there  appears  to  have  been  no  source  of  abundant 
sediments.  Along  the  western  base  of  the  elongate  tract  of  land  (Appa- 
lachia)  in  the  eastern  part  of  the  United  States,  mud,  sand,  and  gravel, 
washed  down  from  the  land,  were  being  deposited.  In  general  the 
coarser  materials  were  left  nearer  the  land,  while  the  finer  were  carried 
farther  out.  Alternating  beds  of  coarse  and  fine  sediment  may  indi- 
cate either  that  the  adjoining  land  was  higher  at  some  times  than  at 
others,  or  that  the  climatic  conditions  or  the  vegetal  covering  changed, 
or  that  waves  and  currents  varied  in  their  strength.    Along  this  belt^ 
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where  the  Appalachian  mountain  system  was  to  appear  later,  lime- 
stone, the  product  of  clear  waters,  is  very  subordinate  to  clastic  rocks 
among  the  formations  of  the  Ordovician  system.  Concerning  the 
formations  made  along  the  eastern  border  of  Appalachia,  little  is 
known.  If  the  Ordovician  shore  was  east  of  the  present  coast,  the 
formations  of  the  period  are  obviously  not  exposed;  if  it  was  west 
of  the  present  coast,  the  sediments  deposited  within  the  present  land 
area  were  either  subsequently  removed  by  erosion,  or  are  concealed 
by  later  beds,  or  have  been  metamorphosed,  for  the  most  part,  past 
recognition. 

The  beds  of  sediments  forming  at  the  same  time  in  Newfoundland 
and  in  the  northeastern  parts  of  Canada  were  largely  of  limestone, 
indicating  that  abundant  debris  from  the  land  was  not  brought  to 
this  region.  Likewise  in  the  area  west  of  the  Adirondacks,  in  the 
Ottawa  basin,  the  prevailing  sedimentation  seems  to  have  been  organic 
rather  than  clastic,  indicating  that  the  land  to  the  north  was  not  fur- 
nishing abundant  sediments  to  this  region,  either  because  it  was  low, 
or  perhaps  well  clothed  with  vegetation,  or  because  the  drainage  was 
in  some  other  direction. 

About  the  isolated  land  masses  farther  west,  beds  of  sand  and  mud, 
subsequently  to  become  sandstone  and  shale,  were  in  process  of  accu- 
mulation; but  the  sources  of  material  appropriate  for  such  formations 
were  not  extensive,  and  the  formations  themselves  are  correspondingly 
limited.  Here  the  conditions  for  the  formation  of  limestone  prevailed, 
for  while  shell-bearing  and  other  lime-secreting  animals  and  plants 
miay  have  been  no  more  abundant  far  from  land  than  near  it,  their 
shells  were  probably  more  abundant  relative  to  the  sediments  derived 
from  the  land.  The  occasional  variations  from  limestone  to  shale  or 
sandstone  in  this  region  were  probably  connected  with  oscillatory 
relations  of  land  and  sea,  or  currents.  When  the  land  was  low,  and 
the  waters  relatively  free  from  terrigenous  sediments,  limestone  appears 
to  have  been  making;  when  the  land  was  higher,  more  material  was 
brought  to  the  sea  by  the  streams;  and  where  the  ocean  water  was 
shallow,  this  material  was  carried  relatively  far  from  the  land  whence 
it  came. 

But  even  during  those  intervals  when  the  land  was  so  low  as  not 
to  yield  abundant  sediments,  preparation  was  making  for  future  for- 
mations of  clastic  rock.    While  in  this  attitude,  the  formations  of  the 
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land  were  undergoing  decay,  even  though  the  products  of  decay  were 
not  removed.  Under  these  conditions,  thick  mantles  of  residual  earths 
accumulate,  representing  the  excess  of  rock  decay  over  transporta- 
tion. When,  after  such  intervals  of  rock  decay,  uplift  of  the  land 
gives  the  streams  transportive  power,  they  find  a  large  amount  of  dis- 
integrated material  ready  for  removal.  Under  such  conditions,  land 
surfaces  are  rapidly  degraded,  and  sediments  rapidly  accumulated 
about  them. 

Concerning  the  Ordovician  strata  of  the  western  portion  of  North 
America  much  less  is  known,  since  most  of  the  region  has  not  been 
studied  in  detail;  but  it  is  safe  to  assume  that  the  same  processes, 
governed  by  the  same  principles,  were  there  in  operation.  Ordovician 
strata  are  known  in  the  Black  Hills  of  South  Dakota,^  in  Indian  Ter- 
ritory ,2  Texas,^  at  various  points  in  New  Mexico,  Arizona,  California,* 
Utah,^  Nevada,*  Wyoming,®  Montana,  Colorado,^  and  British  America,* 
and  are  doubtless  present  over  considerable  areas  where  now  com- 
pletely concealed. 

Looked  upon  as  a  whole,  the  sediments  of  the  Ordovician  period 
were  as  wide-spread  as  the  Ordovician  seas  themselves.  To  them,  all 
preceding  formations  of  rock  so  situated  as  to  be  subject  to  erosion, 
contributed,  and  their  development  meant  the  destruction  of  an  equiv- 
alent body  of  older  rock.  The  old  material  which  entered  into  the 
new  system  was  brought  from  the  land  by  streams,  worn  from 
its  shores  by  waves,  or  blown  to  the  sea  by  winds;  and  where  t<?rrig- 
enous  sediments  failed,  or  where  they  were  relatively  unimportant, 
the  shells  and  other  secretions  of  animals  and  plants  accumulated, 
giving  rise  to  sedimentary  rocks  of  organic  origin.  Even  these  had 
their  ultimate  source  in  the  older  formations,  for  the  mineral  matter 
extracted  from  the  sea  to  make  the  shells  had  been  dissolved  from 

*  Todd,  Geology  of  South  Dakota;  and  Jaggar,  21st  Ann.  Rept.  U.  S.  Geol.  Sun., 
Pt.  Ill,  p.  178. 

^TaflF,   Atoka  folio,  U.  S.  Geol.  Surv.  and  Professional  Paper  No.  31. 
'Richardson,  Bull.  9,  Univ.  of  Texas  Min.  -Surv.,  p.  32.     The  Ordovician  is  here 
unconformable  on  the  Cambrian;   idem.,  p.  27. 
*SpuiT,  Bull.  208,  U.  S.  Geol.  Surv. 
» King,  Geol.  Surv.  of  the  40th  Parallel,  Vol.  I. 

•  Absaroka  and  Yellowstone  folios,  U.  S.  Geol.  Surv. 

^  King,  op.  cit.  and  Anthracite-Crested  Butte,  Pike's  Peak  and  Ten  Mile  folios^ 
U.  S.  Geol.  Surv. 

"Dawson,  BuU.  Geol.  Soc.  Am.,  Vol.  XII,  p.  68. 
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older  formations  during  the  process  of  their  decay,  and  brought  to 
the  sea  in  solution  by  the  same  streams  which  brought  the  mud  in 
suspension. 

While  the  rocks  of  the  Ordovician  system  were  as  widely  distributed 
as  the  Ordovician  seas,  their  present  exposures  (Fig.  129)  are  much 
less  extensive,  for  they  are  to  be  seen  only  where  they  have  either 
never  been  covered  by  later  formations,  or  where  the  beds  which 
once  overlay  them  have  been  removed  by  erosion.  These  areas,  taken 
together,  are  relatively  small.  Elsewhere,  where  the  Ordovician  rocks 
exist,  they  are  buried  by  later  deposits,  and  are,  for  the  most  part, 
inaccessible.  They  are  known,  so  far  as  known  at  all,  only  by  infer- 
ence, and  by  the  meager  data  afforded  by  borings  and  excavations. 
But  even  by  these  imperfect  means,  it  is  known  with  a  reasonable 
degree  of  certainty  that  the  Ordovician  system  underlies  much  of 
the  eastern  interior  of  North  America,  though  concealed  by  later  beds. 
The  general  stratigraphic  relations  of  the  Ordovician  system  where 
the  strata  have  not  been  greatly  deformed  are  shown  in  Fig.  136. 

It  is  probable  that  the  larger  part  of  the  ocean  basins  was  contin- 
uously submerged  during  the  Ordovician  as  during  earlier  periods,  and 
that  in  them  the  Ordovician  strata  overlie  conformably  those  of  Cam- 
brian age.  Though  nothing  can  be  known  directly  of  the  Ordovician 
system  beneath  the  sea,  it  is  important,  in  the  conception  of  the  system 
as  a  whole,  to  remember  that  it  probably  underlies  most  of  the  ocean, 
as  well  as  many  of  the  younger  formations  of  the  land,  and  that  its 
exposed  margin  is  but  a  trivial  fraction  of  its  total  area. 

Sections  of  the  Ordovician. 
New  York  section. — The  strata  of  the  Ordovician,  like  those  of 
every  other  system,  are  divisible  into  series  and  formations,  both  on 
lithological  and  paleontological  grounds.  In  North  America  the  for- 
mations were  first  studied  systematically  in  New  York,  and  the  New 
York  section  remains  in  some  measure  the  standard  to  which  others 
are  referred.  On  the  basis  of  variations  in  the  formations  themselves 
and  in  the  fossils  which  they  contain,  the  system  in  New  York  was 
early  divided  into  five  formations.  Numbered  in  the  order  of  their 
sequence,  these  subdivisions  are  as  follows: 

^5.  Hudson  River  fonnation 


Ordovician  system. 


4.  Utica  formation 
3.  Trenton  fonnation 
2.  Cfaazy  fonnation 
1.  Calciferous  fonnation 
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Most  of  the  above  names  are  derived  from  localities  where  the 
rocks  representing  the  several  epochs  are  exposed.  It  is  not  to  be 
understood  that  these  epochs  were  of  equal  duration,  or  that  the  cor- 
responding formations  are  equally  thick  or  equally  distinct.  The  first 
two  formations  have  sometimes  been  grouped  under  the  name  Cana- 
dian, and  the  last  three  under  the  name  Trenton,  though  this  grouping 
has  little  significance. 

Recently  it  has  been  proposed  ^  to  substitute  the  following  classifica- 
tion for  that  hitherto  in  use: 


Champlainic  '  (Lower 
Silurian  or  Ordovi- 
cian) 


Champlainic)  Ife^j^shajT 

1.  Canadian     (Paleo-  /  Chazy  limestone 
Champl£dnic)  \  Beelonantown  limestone 

With  reference  to  this  classification,  it  may  be  said  that  there  seems 
no  adequate  reason  for  supplanting  the  term  Ordovician.  The  sub- 
division of  the  system  into  three  main  series,  a  lower,  a  middle,  and 
an  upper,  is  certainly  to  be  commended  on  the  basis  of  convenience. 
So  much  of  the  classification  is  applicable  imiversally.  The  subdi- 
visions in  the  right-hand  column  above  are  based  on  the  detailed  work 
of  recent  years,  and  must  be  accepted  as  best  expressing  present  knowl- 
edge of  the  system  in  New  York.  The  relations  of  the  old  and  the 
new  classifications  to  each  other  are  evident  on  inspection. 

Perhaps  the  following  ipay  be  accepted  for  the  present  as  the  most 
satisfactory  compromise: 


Ordovician 


Upper  Ordovician 
(or  Cincinnatian) 


'  Richmond  beds  (Ohio  and  Indiana) 
Lorraine  beds 
^  Utica  shales 


Middle  Ordovician  f  Trenton  limestone 
/^i:  ^^I«^ir;„«r  \  Black  River  Imiestone 
(or  Mohawkian)   |  L^^^iUe  limestone 

Lower  Ordovician   f  Chazy  limestone 
(or  Canadian)       \  Beekmantown  limestone  ( >«Calciferou8) 

>  Qark  and  Schuchert,  Science,  Vol.  X,  1899,  p.  876;  and  Am.  Geol.,  Vol.  XXV, 
1900,  p.  118. 

'  The  term  Champlainic  was  proposed  by  Hall,  Vanuxem,  Mather,  and  EInmions, 
in  1842,  to   include  what  is  now  known  as  Ordovician  and  the  Potsdam 

» Winchell  and  Llrich,  Geol.  of  Minn.,  Vol.  Ill,  Pt.  2,  p.  ciii;  and  Nickles,  Am 
Geol.,  Vol.  XXXII,  p.  202. 


THE  ORDOVICIAN  PERIOD. 


311 


The  above  subdivisions  of  the  system  indicate  that  successive 
epochs  of  longer  or  shorter  duration  gave  rise  to  recognizable  differ- 
ences in  sedimentation,  and  that  these  differences  in  sedimentation 
were  accompanied  by  f aunal  changes,  usually  not  profound.  The  gen- 
eral conformity  between  the  several  formations  of  the  system,  and 
the  conformity  of  the  lowest  with  the  Cambrian,  shows  that  great  geo- 
graphic changes  did  not  affect  the  region  of  New  York  while  the  Ordo- 
vician  strata  were  in  process  of  deposition.    Locally,  beds  corresponding 


Fia.  130. — Chazy  limestone.     From  Phelps  Point,  Grand  Isle,  Vt. 
Shows  Strephochetus  oscellatus. 

to  the  Chazy  are  wanting,  but  even  in  such  areas  there  is  only  a  mod- 
erate unconformity  between  the  Beekmantown  formation  and  the 
Middle  Ordovician  series.  The  land  surface  of  the  Chazy  epoch,  where 
there  was  land,  seems  therefore  to  have  been  low  and  subject  to  little 
erosion. 


The  lowest  formation  in  New  York  (the  Calciferous  or  Beekmantown)  is 
an  impure  limestone,  or  sometimes  a  calciferous  sandstone.  During  its  depo- 
sition, the  general  relations  of  land  and  sea  remained  much  as  in  the  late  Cam- 
brian. After  it  had  attained  a  thickness  of  a  few  hundred  feet,  change  of  rela- 
tions affected  much  of  the  Appalachian  trough,  converting  into  land  considerable 
areas  which  had  been  submerged.  After  these  disturbances  had  taken  place, 
the  only  j>art  of  New  York  known  to  have  remained  under  water  is  an  area  in 
the  extreme  northeastern  part  of  the  state,  to  which  a  bay  from  the  Atlantic 
reached.     In  this  bay  the  sediments  of  the  Chazy  formation  were  deposited* 
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The  life  of  the  bay,  as  shown  by  the  fossils,  was  somewhat  unlike  that  which 
had  inhabited  the  same  region  during  the  preceding  epoch.  Both  in  the  Chazy 
basin,  and  in  a  long  narrow  channel  to  the  east  (the  Levis  channel,  extending 
from  Newfoundland  to  near  Albany)  the  fauna  of  this  epoch  had  more  likeness 
to  that  of  Europe  than  to  that  which  lived  at  the  same  time  in  the  Mississippi 
basin.'  After  the  Chazy  limestone  had  attained  a  thickness  of  several  hundred 
feet,  the  Chazy  basin  appears  to  have  been  drained,  and  at  about  the  same  time 
the  sea  again  invaded  New  York,  entering  from  the  south  and  west,  and  the 
deposition  of  limestone  (the  Middle  Ordovician)  was  resumed  on  the  surface 
which  had  for  a  time  been  land.  The  fossils  of  the  new  formation  are  unlike 
those  of  the  formation  on  which  it  rests.  Later,  the  deposition  of  limestone 
gave  place  to  the  deposition  of  mud  (Utica  shale).     During  this  epoch,  connection 


Fig.    131.— Trenton  Falls,  Trenton,  N.  Y.     The  locality  whence  the  Trenton 
formation  derived  its  name.      (Darton,  U.  S.  Geol.  Surv.) 

was  again  made  between  the  Atlantic  and  the  eastern  interior  sea  by  ^-ay  of 
the  St.  Lawrence  valley,*  as  shown  by  the  migration  of  animals  from  the  former 
body  of  water  to  the  latter.  After  the  Utica  formation  had  reached  a  thick- 
ness varying  from  a  few  feet  in  some  places  to  a  few  hundred  feet  in  others,  it  was 
buried  beneath  other  sediments  (the  Hudson  River  or  Lorraine  formation)  con- 
taining the  relics  of  a  somewhat  different  fauna.  The  successive  changes  in 
faunas  probably  indicate  changes  in  the  geographic  conditions  of  the  region 
though  their  character  and  extent  are  not  definitely  known.  With  the  excep- 
tion of  the  changes  noted  above,  the  Ordovician  seems  to  have  been,  for  this 
region,  a  period  of  general  quiet,  though  oscillations  of  relative  level  between 
land  and  sea  doubtless  took  place  more  than  once  during  its  progress. 

»  Ulrich  and  Schuchert,  N.  Y.  State  Museum,  Bull.  52,  pp.  633-663- 
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Southern  Wisconsin  section. — It  is  not  to  be  understood  that  the 
same  subdivisions  hold  for  the  Ordovician  system  in  all  regions,  and 
even  if  the  same  number  of  subdivisions  is  made  elsewhere,  it  does 
not  follow  that  they  are  equivalent,  severally,  to  those  of  New  York. 


Fig.  132. — Exposure  of  the  Utica  shale.     Bluff  at  Van  Tine's,  on  the  west  shore  of 
Grand  Isle,  Lake  Champlain.     (Perry.) 

In  Wisconsin,  Iowa,  and  Minnesota,  for  example,  the  formations  com- 
monly recognized,  numbered  in  the  order  of  their  deposition,  are  aa 
follows: 

Upper  Ordovician 5.  Hudson  River  (Cincinnati)  shale. 

vr:^^i»  rk^^«„;«;««  /  4-  Galena  limestone. 

Middle  Ordovician |  3    j^enton  limestone. 

T««,-  rk^Ars.r;»\«,r.  !  ^'  ^t.  Pcters  sandstonc. 

Lower  Ordovician |  ^    ^ower  Magnesian  limestone. 

While  there  is  here,  as  in  New  York  according  to  the  older  classi- 
fication, a  fivefold  division  of  the  system,  it  is  not  certain  that 
any  formation  of  Wisconsin  is  the  exact  equivalent  of  the  formation 
which  occupies  the  corresponding  position  in  the  New  York  section. 
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In  other  words,  it  does  not  follow  that  because  the  conditions  for  lime- 
stone formation  gave  place  to  the  conditions  for  shale  formation  in 
New  York  at  a  particular  time,  similar  changes  took  place  in  the  interior, 
or  in  any  other  distant  area,  at  the  same  time. 

When  the  above  names  were  applied  to  the  Ordovician  formations 
of  Wisconsin,  the  third  and  fifth  formations  were  so  named  on  the 
supposition  that  they  were  the  approximate  equivalents  of  the  New 
York  formations  of  the  same  name,  while  the  Galena  limestone  was 
regarded  as  a  local  development  of  the  upper  member  of  the  Trenton 
group,  in  which  were  also  included  the  ill-defined  equivalents  of  the  Bird's 


Fig.  133. — Starved  rock,  an  isolated  mass  of  St.  Peters  sandstone  on  the  Illinois 
river  near  La  Salle.  The  texture  of  the  rock  is  essentially  the  same  as  at  the 
present  border  of  the  formation,  125  miles  or  so  farther  north. 


Eye  (Lowville)  and  Black  River  limestones  of  New  York.^  Recently, 
question  has  been  raised  relative  to  the  correctness  of  this  correlation.^ 
It  has  been  urged  that  the  formation  named  Trenton  in  the  upper 
Mississippi  basin  corresponds  to  the  Lowville  and  Black  River  beds 
of  New  York,  while  the  Galena  is  the  exact  equivalent  of  the  Trenton 
of  New  York.    The  validity  of  this  correlation  remains  to  be  deter- 

»  See  Geol.  of  la.,  Hall  and  Whitney,  Vol.  I,  pp.  54-70,  and  Geol.  of  Wis.,  Vol.  I, 
1862,  pp.  31-55. 

'See  Ulrich  and  Winchell,  Geol.  and  Nat.  Hist.  Surv.  of  Minn.,  Vol.  Ill,  Pt.  II, 
pp.  83-128. 
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mined.    As  implied  above,  it  is  improbable  that  there  is  any  exact 
equivalency  between  the  eastern  and  the  interior  series.^ 

The  classifications  of  New  York  and  Wisconsin  have  been  adapted, 


Fig.  134. — ^Trenton   limestone  near   Fort    Snelling,    Minn. 

joints.     (Calvin.) 


Shows   two   systems   of 


with  but  little  change,  to  the  Ordovician  formations  of  most  of  the 
area  between  the  Appalachian  mountains  and  the  Great  plains. 

The  Appalachian  sections.^ — In  other  parts  of  the  country,  the 
subdivisions  of  the  system  are  very  different.  In  the  Appalachian  moun- 
tains of  Tennessee  (see  section  in  Appendix,  vol.  Ill),  a  series  of  lime- 

^  In  Wisconsin,  there  is  an  unconformity  between  the  Lower  Magnesian  limestone 
and  the  St.  Peters  sandstone.  This  and  other  considerations  raise  the  question 
whether  the  Lower  Magnesian  formation  should  not  be  classed  with  the  Cambrian, 
rather  than  with  the  Ordovician. 

'  For  local  details  in  the  Appalachians,  see  the  following  folios  U.  S.  Geol.  Surv. : 
Gadsden,  Ala.;  Stevenson,  Ala.-Ga.-Tenn. ;  Ringgold  and  Rome,  Ga.;  Estillville, 
Ky.-Va.-Tenn. ;  Briceville,  Chattanooga,  Cleveland,  Columbia,  Kingston,  Knoxville, 
Loudon,  Ma3niardville,  and  Morristown,  Tenn.;  Bristol,  Va.;  Harper's  Ferry,  Va.- 
Md.-W.  Va.;  Monterey,  Pocahontas,  Staunton,  and  Tazewell,  Va.-W.  Va:;  Franklin 
and  Piedmont,  W.  Va-Va.  In  most  of  these  folios,  the  Ordovician  is  classed 
with  the  Silurian  under  the  latter  name.  The  text  of  the  folios  frequently  distin- 
guishes between  the  Lower  Silurian  (Ordovician)  and  the  Upper  Silurian  (Silurian). 
See  also  the  geological  reports  of  Alabama  (especially  Hayes's  Kept.  1892),  Georgia, 
Tenneesee,  Kentucky,  and  Pennsylvania  (especially  Sununary  of  Final  Kept.,  Vol.  I). 
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stone  or  dolomite  beds  (Knox,  Chickamauga,  Moccasin,  etc.),  the  lowest 
not  distinctly  marked  off  from  the  Cambrian  below,  is  followed  by  a 
series  of  clastic  beds  (Sevier  shale,  Bays  sandstone,  etc.).^  But  the 
limestone  (the  Moccasin)  of  one  area  is  thought  to  be  the  equivalent 
of  the  sandstone  (the  Tellico)  of  another  but  a  few  miles  away.  The 
exact  relations  of  these  formations  to  those  of  the  northwest  have  not 
been  determined.  If  the  upper  part  of  the  Knox  dolomite  is  the  equiva- 
lent of  the  oldest  Ordovician  formation  of  the  Upper  Mississippi  region, 
it  would  simply  mean  that  when  the  conditions  of  sedimentation  changed 
in  the  latter  region  so  as  to  stop  the  formation  of  limestone  (the  Lower 
Magnesian)  and  to  give  rise  to  the  deposition  of  sand  (the  St.  Peters), 
they  did  not  change  correspondingly  in  Tennessee,  where  the  depo- 
sition of  limestone  continued.  Two  formations  (lithologically  con- 
sidered) in  one  locality,  may  well  be  the  equivalent  of  one  in  another 
locality.  Could  the  strata  of  Wisconsin  be  traced  uninterruptedly  to 
Tennessee  the  relations  might  be  determined,  but  since  the  strata 
between  these  localities  are  chiefly  concealed,  the  relations  of  the  for- 
mations in  the  two  localities  must  remain  unknown,  except  in  so  far 
as  the  fossils  may  reveal  them. 

It  seems  not  improbable  that  the  change  from  calcareous  to  clastic 
sedimentation  in  the  southern  Appalachian  region  took  place  at  the 
end  of  the  Middle  Ordovician  time.  In  the  early  part  of  the  Ordo- 
vician, when  similar  changes  occurred  elsewhere,  a  bay  opening  south- 
ward to  the  ocean  is  thought  to  have  occupied  the  south  end  of  the 
Appalachian  synclinorium,  and  to  have  been  shut  off  from  the  interior 
sea.  For  this  region  a  two-fold  division  of  the  system,  a  lower  and 
an  upper,  seems  quite  as  appropriate  as  a  three-fold  division.  The 
subdivisions  of  the  system  are  different  in  other  parts  of  eastern  America, 
and  different  names  are  applied  to  them. 

In  central  Tennessee,  the  Ordovician  is  made  up  chiefly  of  lime- 
stone which  is  sometimes  phosphatic.  There  are  here  several  imcon- 
formities  in  the  system,  indicating  that  shallow  water  and  land  con- 
ditions alternated.2 

The  following  sections  in  the  Appalachian  province,  giving  both 
Ordovician  and  Silurian  formations,  supplement  those  of  the  Appendix. 

*  The  subdivisions  here  mentioned  are  those  of  the  Maynardville,  Tenn.,  folio 
U.  S.  Geol.  Surv. 

>  Hayes  and  Ulrich,  Columbia,  Tenn.,  folio,  U.  S.  Geol.  Surv. 
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Section  in  New  Jersey.^ 


Names  of  Formation. 


Thickness 
in  Feet. 


Charac  teristics. 


3 


I 


Manlius  limestone . . 

Rondout  limestone. 

Decker  Ferry  forma- 
tion (Cobleskill 
limestone) 

Bossardville  limestone, 
Poxino  Island  shale. . . 


Medina  sandstone. . . . 

Shawangunk  con 

glomerate 


Probable  unconformity 
Hudson  River  slates . . 
Trenton  limestone 

Unconformity. 
Kittatinny     limestone 
(mainly  Cambrian) 


35 
39 


52 

100 
? 

2305 

1500-1600 


1165 
135-150 


2700-3000 


Thin-bedded,  knotty,  dark-colored  limestone. 
Earthy  and  calcareous  shales  and  limestone. 


Sandstones  with  calcareous  bands,  and  lime- 
stones with  shaly  bands. 

Fine-grained,  compact,  bluish-gray,  banded. 

Buff  or  greenish,  calcareous;  irregularly 
bedded;  layers  thin. 

Soft  red,  somewhat  shaly  sandstone. 

Coarse  quartz  conglomerate;  pebbles  usu- 
ally white  or  yellowish,  with  gray  or  red 
matrix 

Shales,  slates,  and  some  sandstone. 
Limestone,  often  conglomeratic  at  base  and 
shaly  above. 


Dolomitic;    at  one  locality  the  to^  of  the 
formation  contains  Ordovician  fossils. 


Section  in  Western  Maryland.' 


Names  of  Formations. 

Thickness 
in  Feet. 

Characteristics. 

Salina    . . .  ^ 

Sandstones,  shales,  and  limestones. 

Niaj?arft 

700 
300 

550-600 

250-300 
550 

Sandstones    predominate  in  lower  and  lime- 
stones in  upper  portions. 
Limestones  with  shale  partings;  thin  sand- 

Clinton.  

stone  beds  near  the  top;  shales  predominate 
over  limestone  at  the  top. 
Thin  reddish  and  greenish-yellow  shales,  with 

.-a 

Tuscarora. 

sandstone  beds,  and  in  the  upper  part  a  few 
thin  beds  of  limestone. 
Snow-white  to  light-gray  quartzite,  frequently 

Juniata 

cross-bedded. 
Dull-red  sandstones  and  shales,  interbedded 

Irregularly;  shales  predominate. 

» Weller,  Geol.  Surv.  of    New  Jersey,  Report  on  Paleontology  Vol.  Ill,  1903,  pp. 
15-80. 

2  Pfosser,  Jour,  of  GeoL,  Vol.  IX,  pp.  410-415. 
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The  above  section  is  for  Allegany  County, 
lower  formations  are  exposed  as  follows:^ 


In  Washington  C!ounty, 


> 

o 

o 


Martinsburg. 


Shenandoah 

(The  lowest  part  of 
this  formation  is 
Cambrian.) 


700-1000 
2500 


Black  and  gray  calcareous  and  argillaceous 
shales,  fine-grained  and  uniform. 

Blue  and  gray  limestones  and  dolomites,  with 
some  slates  and  aigillaceous  ^ales. 


Strata  much  folded. 


Section  in  Eastern  Kentucky.' 


Names  of  Formationfl. 


Thickness 
in.  Feet. 


Characteristics. 


i 

C 


(The  upper  part  of  this 
formation  is  Devo- 
nian) 

Panola  formation 

Unconformity. 

Richmond  formation. . 

Garrard  sandstone.  .  . . 
Winchester  limestone. 


Flanagan  chert. 


Lexington  limestone . . 
Highbridge  limestone. 


1-70 

300 

70-100 
200-230 

0-40 

140-160 
190  + 


Brown  siliceous  limestone  at  the  base;  light 
blue  clay-shale  and  coarse  yellow  sandstone; 
brown  limestone,  frequently  cherty. 


Blue  calcareous  shale,  with  thin  beds  of  lime- 
stone. 

Brown,  calcareous. 

Thin-bedded,  blue,  crystalline,  with  bands  of 
calcareous  shale. 

Thin-bedded,  gray  limestone  and  calcareous 
shale;  nodules  and  bands  of  chert. 

Thin-bedded,  gray;  nodules  of  chert  at  base. 

White  limestone  grading  downward  into  gray 
limestone  and  calcareous  shale. 


Strata  nearly  horizontal. 

Sections  in  the  interior. — In  the  interior  the  sections  are  likewise 
variable.^  The  sections  of  the  Ordovician,  in  the  general  sections 
given  in  the  Appendix,  give  some  idea  of  the  range  of  the  system 
in  this  r^on.    To  these  may  be  added  the  following: 


» dark,  Maryland  Geol.  Surv.,  Vol.  I,  pp.  179,  180. 

'  Campbell,  Richmond  (Ky.)  folio,  U.  S.  Geol.  Surv.  All  the  formations  of  this 
section  are  classed  as  Silurian  in  the  folios. 

'  The  following  folios  give  detailed  sections  of  the  exposed  Ordovician  between 
the  Appalachians  and  the  Rockies:  London  and  Richmond,  Ky.;  Columbia,  McMinn- 
\'ille,  Pikeville,  Sewanee,  and  Standing  Stone,  Tenn.;  Atoka,  I.  T.  See  also  state 
reports  of  New  York,  Ohio,  Indiana,  Michigan,  Illinois,  Wisconsin,  Minnesota,  Iowa, 
Missouri,  Kentucky,  Tennessee,  and  Arkansas.  For  areas  north  of  the  United  States, 
see  the  geological  reports  of  Canada. 
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Section  in  Southeastern  Minnesota.' 


Names  of  Formations. 

Thickness 
in  Feet. 

Characteristics. 

c     Devonian 

T 

'  Unconformity. 

3  ■ 

Niagara(?)  limestone. . 

100-150 

Light -colored    crystalline    limestone,    often 

OQ 

L 

porous. 

m  Unconfonnity. 

. 

Maquoketa  shales 

75-100 

Shales;  some  sand,  finely  bedded. 

( =  Hudson  River) 

o 

Galena  limestone 

75-100 

Bluish  or  grayish,   evenly  bedded,  varying 

> 

from    compact    to    vesicular;     sometimes 

? 

arenaceous  and  often  dolomitic. 

O 

Trenton  limestone. .  .  . 

160 

Light  blue  or  gray;  non-dolomitic. 
White  and  friable. 

f  St.  Peter's  sandstone. . 

122 

Shakopee  limestone. . . 

75 

Irregularly  bedded,  cherty;  concretionary  and 
brecciated  layers;  heavy -bedded  light  buff; 
shaly  layers. 

a 

New  Richmond  sand- 

•2 

stone 

25-40 

Coarse  quartzose  sandstone,  sometimes  inco- 

J2 J 

Lower    Magnesian 

herent;  sometimes  cemented. 

o 

limestone 

200 

Yellowish,  dirty-appearing  limestone;  heavy- 
bedded  below;  tnin-bedded  above;  partly 

arenaceous. 

St.  Croix  (-Potsdam 

sandstone) 

Section  in  Central  Texas.' 


Names  of  Formations. 


Thickness 
in  Feet. 


Gharaoteristics. 


O 


Unconformity. 

San  Saba 

Leon 


315± 
440 -h 


Dolomites  and  chert. 

Sandy  shaly  dolomite;  siliceous  magnesian 

limestone ;     brown    dolomite ;     Burnet 

marble. 


Strata  nearly  horizontal.  The  equivalent  of  the  Niagara  is  apparently  absent. 
Thicknesses  given  are  incomplete. 

In  Arkansas  the  system,  though  largely  of  limestone,  includes 
thick  becjs  of  novaculite,^  a  fine  pure  siliceous  sandstone,  from  which 
whetstones  are  made.     In  the  southwest,  the  Ordovician  and  Silurian 

»  Wlnchell,  Geol.  and  Nat.  Hist.  Surv.  of  Minn.,  Vol.  I,  1872-82,  p.  280,  and  PL  X. 
Revised  to  agree  with  nomenclature  of  frontispiece  of  Vol.  VI,  atlas  1900-1901,  Geol. 
and  Nat.  Hist.  Surv.  of  Minn.  The  Shakopee,  New  Richmond,  and  Lower  Magnesian 
formations  of  Minnesota  correspond  to  the  Oneota  of  Iowa,  and  to  the  Lower  Mag- 
nesian of  Wisconsin. 

>  Dumble,  Geol.  Surv.  of  Texas,  Ist  Ann.  Rept.  PI.  III. 

•  Griswold,  Ark.  Geol.  Surv.  Ann.  Rept.  1890,  Vol.  III.  < 
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seem  not  to  be  well  differentiated.  This  is  indicated  by  the  sections 
of  Texas  ^  and  Indian  Territory .^ 

General  conditions  in  the  eastern  part  of  the  continent. — It  is  worthy 
of  note  that  in  mid-Ordovician  time,  limestone  was  forming  over  a 
very  wide  area  in  the  eastern  part  of  North  America,  namely,  from 
New  England  on  the  east  to  Georgian  Bay  on  the  northwest,  Indian 
Territory  and  Texas  on  the  southwest,  and  Alabama  on  the  soutH. 
Limestone  appears  to  have  been  forming  in  the  Great  Basin  region 
of  the  west  at  the  same  time.  At  no  previous  epoch  in  geological 
history,  so  far  as  now  known,  was  there  anything  like  so  wide-spread 
deposition  of  limestone  within  the  limits  of  North  America.  This 
is  to  be  accounted  for  by  the  fact  that  the  sea  occupied  a  large  part 
of  the  continent,  that  such  lands  as  existed  were  low,  and  that  drain- 
age from  them  brought  little  sediment  to  the  sea.  Meanwhile  the 
forms  of  life  which  secrete  lime  carbonate  were  depositing  their  shells 
widely  over  the  bottom  of  the  interior  epicontinental  sea. 

It  is  perhaps  equally  worthy  of  note  that  in  the  latter  part  of  this 
period  mud  (now  shale)  was  deposited  over  an  almost  equally  exten- 
sive area  extending  from  New  York  southwest  to  Alabama  and  north- 
west to  Manitoba  and  beyond. 

The  inauguration  of  the  epoch  of  clastic  sedimentation  may  have 
been  brought  about  by  movements  which  increased  the  capacity  of 
the  ocean  basins,  thereby  drawing  off  the  waters,  attended  by  gentle 
warpings  which  resulted,  among  other  changes,  in  the  uplift  of  an  area 
about  Cincinnati  ^  (the  Cincinnati  arch)  and  the  closing  of  the  southern 
outlet  of  the  bay  which  occupied  the  south  end  of  the  Appalachian 
synclinorium.  It  appears  to  have  been  about  the  same  time  (Utica 
epoch)  that  subsidence  to  the  northeast  reestablished  connection 
between  the  Atlantic  and  the  interior  sea  by  way  of  the  St.  Lawrence 
valley.  It  seems  not  unreasonable  that  these  geographic  changes 
should  have  been  attended  by  an  increase  in  clastic  sedimentation. 
The  wide-spread  late  Ordovician  shale  formation  may  mean  either 
that  the  land  areas  were  so  far  elevated  as  to  allow  the  streams  to 

>  Geol.  Surv.  of  Texas,  Second  Ann.  Rept.,  p.  565. 

»Taff,  Atoka  (I.  T.)  folio,  U.  S.  Geol.  Surv. 

•  Ulrich  and  Schuchert,  op.  cit.  p.  645.  The  time  of  the  origin  of  the  Cincinnati 
arch  has  never  been  fixed  with  certainty.  Hayes  and  Ulrich  place  its  inception  still 
earlier  in  the  Ordovician.  See  Columbia  (Tenn.)  folio,  U.  S.  Geol.  Surv.  The  r^ion 
probably  subject  to  disturbances  at  various  times. 
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carry  a  larger  body  of  sediment  to  the  sea,  or  that  conditions  favored 
the  transportation  of  the  mud  farther  from  the  shores  than  formerly. 
The  fineness  of  the  sediment  would  seem  to  indicate  that  the  streams 
were  rather  sluggish,  though  locally  the  sediments  were  coarse.  Asso- 
ciated with  the  Upper  Ordovician  shales,  there  are  considerable  bodies 
of  limestone  in  some  places,  and  of  sandstone  in  others. 

It  is  perhaps  worthy  of  note  that  all  the  Ordovician  formations 
of  the  interior  and  the  east,  unless  it  be  the  oldest,  bear  within  them- 
selves distinct  evidence  of  shallow  water  origin,  and  even  the  excepted 
formation  contains  no  evidence  that  it  was  laid  down  in  deep  water. 
Its  paucity  of  fossils  has  led  to  the  conjecture  that  its  material  may 
have  been  largely  precipitated  from  solution. 

Western  sections. — In  the  Great  Plains,  the  Ordovician  system 
appears  at  the  surface  but  rarely,  though  it  probably  underlies  the 
yoimger  formations.  West  of  the  Great  Plains,  the  Ordovician  sec- 
tions, so  far  as  now  known,  are  simpler  than  in  the  interior  or  the  east. 
In  some  places  the  whole  system  seems  to  be  represented  by  a  part 
of  a  single  formation  of  limestone.  Thus  in  Nevada  ^  a  part  of  the 
Pogonip  formation  seems  to  be  the  only  representative  of  the  period. 
Limestone  was  probably  in  process  of  formation  in  other  parts  of  the 
Great  Basin  and  in  western  Colorado  ^  at  the  same  time.  In  the 
Rockies  sand  was  the  principal  deposit  in  some  places  ^  and  limestone 
in  others.*  The  sections  of  the  Ordovician  in  the  Appendix,  vol.  Ill, 
give  some  conception  of  its  range  in  the  west.* 

Igneous  rocks. — Igneous  rocks  of  Ordovician  age  attain  little  impor- 
tance in  North  America.  Their  general  absence  is  in  harmony  with  the 
general  quiet  which  characterized  the  period.  Igneous  rocks  of  limited 
extent,  which  may  date  from  the  close  of  the  Ordovician,  are  found 
at  a  few  places  in  New  York  (notably  Cortland  County). 

General  Conditions  and  Relations  of  the  Ordovician  System. 

Position  of  beds. — It  has  already  been  indicated  that  the  Ordo- 
vician rocks  are  in  general   conformable  on  the  Cambrian,  and  from 

*  King,  Geology  of  the  40th  Parallel,  Vol.  I.  For  notes  on  the  formations  of  Nevada 
south  of  the  40th  Parallel,  see  Spurr,  Bull.  208,  U.  S.  Geol.  Surv. 

'  Anthracite-Crested  Butte  and  Ten  Mile  (Colo.)  folios,  U.  S.  Geol.  Surv. 
» Pike's  Peak  (Colo.)  folio,  U.  S.  Geol.  Surv. 

*  Absaroka  and  Yellowstone  National  Park  (Wyo.)  folios,  U.  S.  Geol.  Surv. 

*  In  addition  to  reports  and  folios  already  mentioned,  the  Ordovician  (Silurian) 
system  is  shown  on  the  Lassens  Peak  (Cal.)  folio,  U.  S.  Geol.  Surv. 
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324  GEOLOGY. 

the  principles  which  have  heretofore  been  set  forth,  it  is  clear  that 
they  must  rest  unconformably  on  formations  older  than  the  Cambrian, 
where  such  formations  constitute  their  substratum. 

As  originally  deposited,  the  Ordovician  beds  probably  dipped 
away  from  such  lands  as  then  existed.  Thus  on  the  south  side  of 
the  land  of  northern  Wisconsin  (Fig.  136),  the  Ordovician  sediments 
must  have  dipped  slightly  to  the  south,  and  on  the  east  and  west  sides, 
to  the  east  and  west  respectively.  The  same  relations  must  have 
held  originally  about  the  Adirondacks,  and  about  every  other  land 
area  from  the  borders  of  which  the  sea-bottom  declined.  Over  great 
areas  in  the  interior,^  this  original  and  simple  plan  of  stratigraphy 
has  been  but  little  modified. 

In  other  regions,  deformation  of  the  strata  subsequent  to  their 
deposition  has  completely  changed  their  position.  Thus  in  the  Appa- 
lachian mountains,  where  the  sediments  were  derived  principally  from 
the  land  to  the  east,  and  where  the  beds  doubtless  had  a  slight  dip 
to  the  west  at  the  time  of  their  deposition,  they  now  dip  in  various 
directions  and  at  various  angles,  some  of  them  being  nearly  vertical. 
Faulting  has  complicated  their  relations  still  further  (Figs.  137,  138, 
and  139) .2  The  same  is  true  of  the  formations  of  the  sjrstem  along 
the  eastern  border  of  New  York  and  the  western  borders  of  the  states 
adjacent  on  the  east.^  The  strata  are  in  similar  positions  in  some 
parts  of  Arkansas*  (Fig.  140),  Indian  Territory,*  Oklahoma,  and  in 
various  mountain  ranges  of  the  Cordilleran  system.®  Even  where  the 
beds  are  not  folded,  they  are  sometimes  affected  by  faulting. 

Present  condition  of  the  formations. — Aside  from  the  changes  in 
position  which  the  Ordovician  beds  have  suffered,  as  noted  above,  the 
sediments  as  originally  deposited  have  imdergone  more  or  less  altera- 
tion. In  some  cases  the  change  has  been  slight,  and  in  others  great. 
Many  of  the  beds  of  sand  and  mud  have  been  simply  compacted  and 
cemented;    indeed  the  greater  part  of  the  Ordovician  sands  are  still 

» See  footnote,  p.  319. 

'  For  references,  see  p.  316. 

"Walcott,  The  Taconic  system  of  Emmons,  etc..  Am.  Jour.  Sci.,  Vol.  XXXV, 
1888.     Also  Merrill,  New  York  City  folio,  IT.  S.  Geol.  Surv. 

^  Geological  Reports  of  Arkansas,  especially  reports  of  1890.  Vols.  I  (Penrose) 
and  IV  (Hopkins). 

•  See  references  on  p.  319. 

•  See  references  on  p.  318. 
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326  GEOLOGY. 

in  the  condition  of  sandstone,  and  the  greater  part  of  the  mud  in  the 
condition  of  shale,  and  most  of  the  limestone  is  still  essentially  non- 
metamorphic.  This  is  true  over  the  great  interior,  but  where  dynamic 
action  has  been  great,  and  where  the  original  position  of  the  strata 
has  been  greatly  changed,  the  changes  in  the  rock  have  also  been  great.^ 
Thus  in  the  Taconic  mountains  of  New  York,  Vermont,  and  Massachu- 
setts, the  limestone  is  mainly  in  the  condition  of  marble,  the  sand- 
stone and  quartzite  have  been  largely  changed  to  quartz  schist  and 
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Fig.  140. — Section  showing  the  position  and  relations  of  the  Ordovician.beds  in  the 
mountains  of  Arkansas.  Length  of  section,  about  1}  miles.  (Penrose,  Ark. 
Geol.  Surv.) 

the  shales  to  slate  and  schist.  The  same  is  true  in  some  other  parts 
of  New  England,  and  at  various  points  in  the  Appalachians  south 
of  New  York. 

Exposure  of  the  Ordovician  rocks. — ^Theoretically,  the  Ordovician 
rocks,  like  those  of  other  systems,  may  be  found  at  the  surface  where 
they  were  never  buried,  and  where  any  cover  they  once  possessed 
has  been  worn  away.  The  areas  where  they  have  never  been  buried 
fall  into  two  categories:  First,  the  elevation  of  a  land-mass  about 
which  Ordovician  sediments  had  gathered  would  have  given  the  land 

*  See  New  York  City  (N.  Y.),  Holyoke  (Mass. -Conn.),  and  Hawley  (Mass.)  folios, 
U.  S.  Geol.  Surv. 
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composed  of  pre-Ordovician  formations  a  border  covered  by  Ordo- 
vician  sediments,  which  might  never  have  been  submerged  and  buried 
(see  Fig.  141);    and  second,  any  part  of  the  Ordovician  sea-bottom 


Fig.  141. — Diagram  illustrating  the  exposure  of  Ordo\*ician  beds  about  a  center  of 
older  rock.  The  diagram  illustrates  exposure  of  the  Ordovician  beds  by  emer- 
gence after  the  Ordo\ician  period. 

distant  from  preexistent  land  might  have  been  raised  to  the  estate 
of  land  at  the  close  of  the  Ordovician  period.  If  never  covered  by 
yoimger  beds,  it  would  belong  in  the  category  here  specified  (Fig.  142). 


Fig.  142. — ^Diagram  illustrating  the  exposure  of  Ordovician  beds  in  a  region  where 
older  formations  do  not  appear  at  the  surface.  The  exposure  results  from  emer- 
gence. 

The  situations  where  the  exposed  Ordovician  strata  were  once 
covered,  but  subsequently  laid  bare  by  the  removal  of  the  overlying 
beds,  likewise  fall  into  two  categories  corresponding  in  some  sense 
to  those  just  mentioned.  About  the  land  areas  of  the  Ordovician 
period,  the  water  was  presumably  shallow,  and  here  a  given  amoiuit  of 
lowering  of  the  sea-surface  relative  to  land  would  be  more  likely  than 


Fig.  143. — ^Diagram  illustrating  the  exposure  of  OrdoWcian  beds  in  an  area  where 
they  were  once  concealed  by  younger  oeds,  /S,  in  a  region  where  the  younger  beds 
are' grouped  about  a  center  of  older  rock. 

elsewhere  to  bring  the  beds  covering  the  Ordo\acian  into  such  a  posi- 
tion as  to  permit  of  their  removal.     This  is  illustrated  by  Fig.  143, 
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which  represents  the  Silurian  strata,  S,  as  once  covering  the  Ordo- 
vician,  0;  but  the  removal  of  the  former  has  exposed  the  latter.  Again, 
if  any  part  of  the  sea-bottom  not  immediately  associated  with  a  pre- 
existing land  area  were  lifted  above  its  surroundings,  not  at  the  close 
of  the  Ordovician,  but  at  some  later  time,  the  uppermost  strata  would 
be  in  a  position  favorable  for  removal.  With  their  removal,  the  Ordo- 
vician beds  beneath  would  be  discovered  (see  Fig.  144).  In  the  cases 
illustrated  by  Figs.  141  and  143,  the  Ordovician  outcrops  would  appear 
around  or  against  the  outcrops  of  older  formations;  in  the  cases  repre- 


^^^^^^^^^^.^^'^^V^^?^^^^^^^^ 

Fio.  144. — ^Diagram  illustrating  the  exposure  of  Ordovician  beds  ^ere  they  have 
been  discovered  by  erosion  in  a  region  where  older  formations  do  not  appear  at 
the  surface. 

sented  by  Figs.  142  and  144,  the  Ordovician  system  would  itself  be  the 
center  about  which  younger  beds  outcrop. 

The  map  (Fig.  129)  shows  the  principal  areas  where  the  Ordovician 
strata  appear  at  the  surface,  and  the  relations  of  their  outcrops  to 
pre-Ordovician  lands  (compare  Figs.  38  and  95).  From  this  map  it  is 
seen  that  outcrops  of  Ordovician  are  found  along  the  western  border 
of  Appalachia;  in  Wisconsin,  South  Dakota,  Missouri,  Texas,  and  several 
States  farther  west,  and  also  at  many  points  north  of  the  United 
States.  In  most  of  these  situations  the  outcrops  of  the  Ordovician 
are  adjacent  to  exposures  of  Cambrian  or  pre-Cambrian  formations. 
Where  the  outcrops  of  the  Ordovician  strata  are  next  a  pre-Cam- 
brian formation,  rather  than  next  the  Cambrian,  it  means  that  the 
margin  of  the  Ordovician  sea  extended  landward  farther  than  the 
Cambrian  for  that  locality,  and  the  deposits  of  the  later  period  lapped 
over  and  buried  those  of  the  earlier.  In  the  vicinity  of  Cincinnati, 
in  Ohio,  and  adjacent  States,  the  Ordovician  strata  appear  at  the 
surface  in  an  area  where  older  formations  are  not  seen.  The  rela- 
tions are  shown  by  Fig.  145. 

If  the  attempt  be  made  to  refer  the  individual  outcrops  of  the 
Ordovician  strata  to  one  of  the  categories  already  mentioned,  diffi- 
culty is  at  once  encoimtered,  for  it  is  not  always  possible  to  say  how 
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330  GEOLOGY. 

far  their  exposure  is  due  to  the  subsequent  removal  of  beds  which 
once  overlay  them.  It  is  barely  possible  that  in  the  Taconic  region 
of  western  New  England  and  eastern  New  York,  Ordovician  beds  are 
exposed  which  were  never  covered,  except  by  glacial  drift.  Some 
portions  of  the  exposed  Ordovician  in  New  York,  Wisconsin,  and  other 
States  may  possibly  never  have  been  buried  beneath  marine  deposits 
of  later  age,  though  this  can  hardly  be  affirmed.  It  was  formerly 
thought  that  the  Ordovician  beds  of  southwestern  Ohio  and  adjacent 
parts  of  Indiana  and  Kentucky  were  arched  up  at  the  close  of  the 
Ordovician  to  such  an  extent  as  to  give  rise  to  an  island  which  was 
never  afterward  covered  by  the  sea;  but  it  now  appears  that  the  final 
emergence  of  the  "arch^'  occurred  at  a  later  time.  The  extensive 
exposure  of  the  Ordovician  formations  in  this  region  was  therefore 
probably  brought  about  by  the  removal  of  the  younger  beds  which 
once  overlay  them  (Fig.  145).  The  same  is  true  of  the  Ordovician  out- 
crops in  central  Tennessee  (Fig.  146).  In  the  Appalachian  system, 
the  exposures  of  the  Ordovician  beds  are  almost  wholly  due  to  the 
removal  of  the  strata  which  once  overlay  them.  The  outcrops  along 
the  Ouachita  uplift  in  Arkansas,  and  most  of  those  farther  west,  prob- 
ably fall  into  the  same  category. 

The  Ordovician  formations  are  wanting  in  some  regions  where 
their  presence  might  have  been  expected.  Thus  in  the  Black  Hills 
of  South  Dakota,  where,  it  will  be  remembered,  there  is  an  area  of 
Proterozoic  rock  surroimded  by  a  border  of  Cambrian,  Ordovician 
strata  are  known  to  be  exposed  at  but  few  points.  Theoretically 
there  might  have  been  a  belt  of  Ordovician  rocks  surrounding  the 
Cambrian,  just  as  the  Cambrian  surrounds  the  core  of  older  rock. 
The  Ordovician  system  as  well  as  the  Upper  Cambrian  probably  once 
covered  the  Black  Hills  area.  Where  the  system  is  not  exposed  about 
the  Cambrian,  the  Ordovician  strata  were  probably  removed  by  erosion 
during  some  post-Ordovician  period  when  the  region  was  above  sea- 
level.  When  the  region  was  again  submerged,  new  deposits  prob- 
ably covered  all  the  Ordovician  strata  which  had  escaped  destruction 
(Fig.  147).  These  later  beds  have  been  removed  so  as  to  discover 
the  Ordovician  at  but  few  points. 

Thickness. — From  what  has  been  said  it  is  easy  to  infer  that  the 
thickness  of  the  Ordovician  system  varies  greatly  (see  p.  248).  In 
the  Appalachian  mountains  it  is  to  be  measured  by  thousands  of  feet. 
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while  in  the  interior  it  is  to  be  measured  by  hundreds  instead  (see  sec- 
tions pp.  318-320).    In  Wisconsin  and  Iowa,  where  the  system  seems  to 


Fig.  147. — ^Diagram  illustrating  one  cause  of  the  failure  of  Ordovidan  beds  to  appear 

about  a  center  of  older  rock. 

be  full,  that  is,  where  sedimentation  seems  to  have  been  continuous 
from  the  beginning  of  the  period  to  its  end,  the  aggregate  thickness 
is  somewhat  less  than  1000  feet. 

Width  and  position  of  outcrops. — The  relation  between  the  thick- 
ness of  a  rock  system  and  the  width  of  the  belt  where  it  appears  at 
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Fig.  149. 


Fig.  148.yl>iagram  illustrating  the  double  outcrop  which  the  Ordovician,  0,  should 
show  in  a  truncated  antichne  where  erosion  has  cut  down  to  older  formations. 
The  two  outcrops  should  appear  on  opposite  sides  of  the  axis  of  the  anticline. 

Fig.  149. — Ground  plan  illustrating  the  structure  shown  in  the  last  figure.  The 
Cambrian  system,  €,  is  flanked  on  either  side  by  the  Ordovidan  system,  O,  and 
this  in  turn  by  the  Silurian,  S,  Devonian,  2),  and  Carboniferous,  C.  The  figure 
also  shows  the  direction  of  the  dip  of  the  beds. 

the  surface  has  already  been  set  forth  in  connection  with  the  Cam- 
brian. The  same  principles  are  applicable  here.  In  the  interior, 
where  the  system  is  relatively  thin,  it  sometimes  appears  at  the  sur- 
face in  relatively  wide  belts  or  areas  (Fig.  129),  while  in  the  eastern 
mountains,  where  it  is  thick,  it  appears  at  the  surface  in  a  succession 
of  narrow  and  parallel  belts. 
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If  erosion  has  cut  ofiF  a  fold  down  to  the  proper  level,  there  should 
be,  on  either  limb  of  the  anticline  involving  the  Ordovician  strata, 
a  belt  where  that  system  appears  at  the  surface  (Figs.  148  and  149); 
but  faults  have*  in  some  cases  had  the  effect  of  concealing  the  beds 
which  might  otherwise  have  come  to  the  surface  on  one  or  both  sides 
of  a  truncated  fold.    Thus  the  outcrops  shown  in  Fig.  150  would  result 
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Fio.  150.  Fig.  151. 

Fio.  150. — Gro\md-plan  diagram,  illustrating  the  failure  of  one  system  of  rocks,  O, 

to  appear  on  one  side  of  the  anticline. 
Fig.  151. — Cross-section  showing  the  structure  illustrated  by  the  preceding  figure. 

On  one  side  of  the  axis  of  the  anticline,  €,  0, 8,  D,  and  C  appear  in  succession.   On 

the  other  side,  0  does  not  appear. 

from  the  faulting  shown  in  Fig.  151.  Faulting  may  likewise  affect  the 
outcrop  in  regions  where  the  strata  are  not  deformed,  but  faulting 
is  less  common  in  such  regions.  The  principle  involved  is  illustrated 
by  Fig.  152. 


Close  of  the  Ordovician  Period. 

The  close  of  the  Ordovician  period  was  marked  by  geographic 
changes  of  more  importance  than  those  which  took  place  at  its  begin- 
ning or  during  its  progress.  These  changes  were  the  result  of  deform- 
ative  movements  whose  cause  is  not  fully  demonstrated,  but  which 
may  perhaps  have  been  due  to  the  shrinking  of  the  earth,  involving 
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the  sinking  of  the  ocean  bottoms  and  the  draining  off  of  the  epicon- 
tinental waters  to  a  large  extent,  attended  by  some  slight  deformation 
of  the  general  surface  of  the  continents  and  some  notable  flexure  of 
special  tracts.  The  withdrawal  of  the  waters  appears  to  have  con- 
verted extensive  stretches  of  Ordovician  epicontinental  sea-bottom 
into  land.  The  land  area  of  the  Lake  Superior  region  (Fig.  129)  was 
greatly  enlarged.  From  it  land  probably  extended,  via  Missouri,^ 
as  far  south  as  Texas,  and  perhaps  beyond.  It  may  have  extended 
as  far  west  as  the  Rocky  mountains,  and  east  to  the  Cincinnati  arch. 
If  this  be  true,  a  great  expanse  of  land,  the  surface  of  which  consisted 
of  Ordovician  strata,  came  into  existence  at  this  time  in  the  very  heart 
of  the  continent.  The  elevation  of  this  land  must  have  been  slight, 
for  it  seems  to  have  suffered  Uttle  erosion  before  most  of  it  was  again 
submerged  and  covered  by  sediments  of  lesser  age.  It  is  indeed  the 
wide-spread  absence  of  the  lower  part  of  the  Silurian  system  (the 
Oswegan  series,  p.  370),  rather  than  pronounced  stratigraphic  un- 
conformity between  the  Ordovician  and  the  Silurian  of  the  interior, 
which  indicates  the  extensive  emergence  of  land  referred  to.  There 
is,  however,  an  unconformity  between  the  Ordovician  and  Silurian 
systems,  in  some  places,  as  in  lowa,^  Arkansas,^  and  Tennessee,^  and 
the  Devonian- or  later  beds  sometimes  rest  on  the  Ordovician,  with  no 
Silurian  between.  Throughout  much  of  the  western  part  of  the  con- 
tinent also,  the  land  seems  to  have  emerged  at  about  this  time,  for 
the  Silurian  system  is  wanting  in  many  regions  where  the  Ordovician 
is  present.^ 

The  folding  movements  were  less  wide-spread.  The  most  consider- 
able was  in  western  New  England  and  eastern  New  York,  in  the  region 
of  the  Taconic  mountains.  Here  both  the  Cambrian  and  Ordovician 
systems  were  thick,  and  at  this  time  they  were  folded  and  lifted  above 
the  seas  beneath  which  they  had  accumulated.  Under  the  influence 
of  the  intense  dynamic  action  involved  in  the  folding,  the  rocks  were 

*  The  pre-Cambrian  area  of  Missouri  is  often  referred  to  as  an  island  at  this  time. 
It  has  been  urged,  however,  that  the  Cambrian,  Ordovician, Devonian,  and  Carbonifer- 
ous beds  onc5e  overlay  it.  See  Keyes,  Science,  Vol.  VII,  p.  388,  1898,  and  BuD.  GeoL 
See.  Am.,  Vol.  XIII,  pp.  268-292. 

«  See  Silurian,  pp.  371-378. 

•  Williams,  Am.  Jour.  Sci.,  Vol.  48,  1894,  p.  325. 

*  Pp.  371^78. 

•  See  sections  of  Appendix,  Vol.  III. 
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metamorphosed,  and  the  eroded  remnants  of  the  folds  often  show 
a  complicated  structure  (Fig.  153).  The  orogenic  disturbance  may 
have  extended  south  of  New  England,  but  its  limit  in  this  direction 
is  undetermined. 

About  the  borders  of  the  mountain  region,  the  Upper  Ordovician 
shale  is  overlain  imconformably  by  rocks  of  Silurian  age,  showing  that 
the  period  of  upturning  and  metamorphism  followed  the  deposition  of 
the  youngest  of  the  Ordovician  formations,  and  preceded  the  depo- 
sition of  the  oldest  formation  which  overlies  the  metamorphosed  rocks 
unconformably.  Thus  the  date  of  the  upturning  is,  within  limits, 
determined.  The  Silurian  strata  which  overlie  the  Upper  Ordovician 
do  not  belong  to  the  first  epoch  of  the  period,  so  that  in  this  region, 
there  is  an  interval  imrepresented  by  sedimentary  formations. 

The  formations  involved  in  the  Taconic  mountains  were  formerly 
known  as  the  Taconic  system.  Their  metamorphic  character  and 
complex  structure  long  prevented  their  proper  correlation.  Within 
recent  years  it  has  been  shown  that  the  series  includes  the  systems 
mentioned  above.^  It  is  not  to  be  inferred  that  all  the  mountain- 
making  movements  which  have  affected  western  New  England  occurred 
at  this  time.  Later  movements,  involving  younger  strata,  affected 
this  region,  as  will  be  noted  in  succeeding  pages. 

Between  folding  and  the  more  gentle  movements  there  are  all  degrees 
of  gradation,  and  there  were  areas  where  only  incipient  folding  or 
bowing  of  the  strata  took  place.  The  "  Cincinnati  arch  "  and  the 
"  Nashville  (or  central  Tennessee)  dome  "  farther  south  have  already 
been  referred  to.  The  deformation  here  was  not  great,  but  it  appears 
to  have  been  prolonged,  and  to  have  begim  perhaps  as  early  as  the 
mid-Ordovician  period.  From  this  time  on,  the  region  seems  to  have 
been  near  sea-level,  being  now  submerged  and  now  land.^ 

Recently  attention  has  been  directed  to  another  similar  arch  which 
may  have  come  into  existence  at  about  the  same  time.  This  is  in 
Arkansas,^  Indian  Territory,  and  Oklahoma,  corresponding  in  position 
with  the  mountain  system  commonly  known  as  the  Ouachita  uplift, 

*  Walcott,  Am.  Jour.  Sci.,  Vol.  35,  1888.     This  paper  gives  bibliography  (p.  30). 
'  Hayes  and  Ulrich,  Ck)luinbia  (Tenn.)  folio,  U.  S.  Geol.  Surv.;  also  Foerste,  Geol, 

Soc.  of  Am.,  Vol.  XI,  p.  604,  and  Vol.  XIII,  p.  631,  Science,  New  Ser.  Vol.  X,  p.  488,  and 
^th  Ann.  Rept.,  Dept.  of  Geol.  and  Nat.  Hist.  Resources  of  Indiana,  1899. 

*  Branner,  Am.  Jour.  Sci.,  Vol.  IV,  1897,  p.  357.  This  very  suggestive  article  has 
bearings  on  many  questions  besides  the  Ouachita  uplift. 
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of  which  it  was  perhaps  the  beginning.  It  has  not  been  demonstrated 
that  the  strata  of  this  region  were  deformed  at  this  time,  and  if  they 
were,  the  extent  of  the  deformation  has  not  been  determined.  The 
strata  of  the  region  were  notably  folded  at  a  much  later  time. 

In  New  Bnmswick  and  Nova  Scotia  there  is  unconformity  between 
the  Ordovician  strata  and  those  which  overlie  them,  indicating  an 
emergence  after  the  deposition  of  the  Ordovician  formations,  and  a 
subsequent  submergence  before  the  deposition  of  the  next  yoimger 
strata  of  the  region. 

During  the  Ordovician  period,  as  during  part  of  the  Cambrian,  the 
eastern  interior  sea  seems  to  have  been  connected  with  the  Atlantic  in 
the  latitude  of  northern  New  England  and  the  Gulf  of  St.  Lawrence. 
During  the  disturbances  which  closed  this  period,  this  connection 
seems  to  have  been  closed. 

In  the  preceding  paragraphs,  the  crustal  movements  referred  to 
have  been  mentioned  as  occurring  at  the  close  of  the  Ordo\dcian.  It 
would  perhaps  be  more  accurate  to  say  that  their  beginning  marks  the 
beginning  of  the  transition  from  the  Ordovician  period  to  the  Silurian. 
The  duration  of  the  interval  of  transition  was  probably  long. 

The  separation  of  the  Cambrian  system  from  the  Ordovician  is 
much  less  marked  than  the  separation  of  the  latter  from  the  Silurian 
which  follows.  For  this  reason  it  has  been  proposed  to  group  the 
Cambrian  and  the  Ordovician  periods  together  under  the  name  Eopale- 
ozoic,  while  the  other  periods  of  the  Paleozoic  are  classed  as  Neo- 
paleozoic.^ 

Economic  Products. 

The  formations  of  the  Ordovician,  especially  those  of  the  Trenton 
stage,  constitute  one  of  the  most  productive  horizons  of  oil  and  gas.  The 
Ohio  2  and  eastern  Indiana  oil-  and  gas-wells  have  their  principal  source 
in  this  formation.  Both  the  oil  and  the  gas  are  believed  to  be  products 
of  the  organic  matter  which  was  included  in  the  rock  at  the  time  of  its 
deposition. 

The  Galena  and  Trenton  formations  in  Wisconsin  and  in  the  ad- 

'  Dana's  Manual  of  Geology,  1895. 

'See  Orton,  8th  Ann.  Rept.  U.  S.  Geo!.  Surv.;  Phinney,  11th  Ann.  Rept.;  also 
the  reports  of  the  State  Geo!.  Surv.  of  Ohio  and  Indiana. 
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jacent  parts  of  Iowa  and  Illinois  contain  ores  of  lead  and  zinc,^  mainly 
in  the  form  of  sulphides  or  carbonates.  Lead  ores  are  also  found  in 
the  Ordovician  (or  Cambro-Ordovician)  formations  of  southeastern 
Missouri,^  and  lead  and  zinc  ores  in  the  south-central  part  of  the 
same  State.  In  all  these  regions  the  lead  and  zinc  ores  occur  (1)  in 
cavities  formed  by  solution,  (2)  as  replacements  of  limestone,  or  (3)  in 
veins. 

The  manganese  ore  of  Arkansas  is  associated  with  the  Ordovician 
formations.^ 

The  Ordovician  limestones  of  central  Tennessee  locally  yield  phos- 
phates, much  used  as  fertilizers.    The  workable  deposits  have  resulted 


S^s^-, 


Fig.  154. — Shows  the  modes  of  occurrence  of  the  phosphates  (the  shaded  surface 
parts  of  the  limestone)  in  central  Tennessee.  (Haves  and  ITlrich,  Columbia 
(Tenn.)  folio,  U.  S.  Geol.  Surv.) 

• 
from  the  leaching  of  phosphatic  limestone,  and  the  concentration  of 
phosphatic  material  **  (Fig.   154.)    The  metamorphic  Ordovician  lime- 
stones of  New  England  and  some  parts  of  the  Appalachian  mountains 
have  been  extensively  used  for  marble. 


*  See  Chamberlin,  Geologj'  of  Wisconsin,  Vol.  FV,  pp.  365-568;   and  Calvin  and 
Bain,  Iowa  Geol.  Surv.,  Vol.  VI. 

» Winslow,  Missouri  Geol.  Surv.,  Vol.  VI  and  VII. 
•Penrose,  Ann.  Rept.  Arkansas  Geol.  Surv.,  1890,  Vol  I. 

*  Hayes,  Columbia  (Tenn.)  folio,  U.  S.  Geol.  Surv. 
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Foreign  Ordovician. 

The  Ordovician  formations  appear  at  the  surface  in  various  parts  of 
Europe,  and  they  exist  concealed  by  younger  formations  over  consider- 
able areas  where  they  are  not  seen.    Fig.  155  represents  the  general 


Fig,  155. — Diagram  showing  the  relations  of  land  and  water  in  western  Europe  in 
tlie  Ordovician  period.  Tlie  shaded  parts  represent  areas  of  marine  sedimentation. 
(After  DeLapparent.) 

geographic  relations  of  land  and  water  in  F.urope  during  this  period.* 
The  submerged  area  represents  in  a  general  way  the  area  where  the 
Ordovician  formations  are  present. 

The  known  formations  of  this  system,  like  those  of  the  Cambrian, 
are  divisible  into  two  geographic  provinces,  a  northern  and  a  southern. 
The  line  or  belt  which  separates  them  runs  from  the  English  Channel 
on  the  west,  across  the  plains  of  Germany  to  the  heart  of  Russia  on 
the  east.  To  the  northern  province  belong  the  Ordovician  strata  of 
the  British  Isles,  Scandinavia,  and  Russia.    To  the  southern  belong 

*  DeLapparent,  Traits  de  G^ologie,  quatridme  edition,  p.  809. 
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the  corresponding  formations  of  Bohemia,  southern  Germany,  France, 
Switzerland,  Spain,  and  Portugal. 

The  basis  for  the  separation  of  the  system  into  two  geographic 
parts  is  found  primarily  in  the  fossils,  which  are  notably  unlike  in  the 
two  provinces,  and  partly  in  the  nature  of  the  rocks  themselves.  The 
north  European  faimas  were  more  closely  allied  to  those  of  Asia  and 
North  and  South  America,  and  were  the  more  general  or  cosmopolitan; 
the  south  European  faunas  were  more  local  and  provincial.^  An 
illustration  of  the  wide  distribution  of  certain  pelagic  faunas  is  fur- 
nished by  the  graptolites.  Of  59  species  from  the  Skiddaw  slates 
(Lower  Ordovician)  of  north  England,  14  are  conmion  to  other  parts  of 
Britain,  25  to  the  Quebec  group  (Lower  Ordovician)  of  Canada,  and 
34  to  the  Ordovician  of  Sweden.^ 

The  strata  of  the  northern  province,  except  in  the  British  Isles,  are 
essentially  horizontal,  while  those  of  the  southern  province  are  much 
more  generally  disturbed.  A\Tiere  much  disturbed,  they  have  been 
notably  metamorphosed  in  both  the  northern  and  southern  provinces. 

In  keeping  with  the  attitude  of  the  strata,  the  outcrops  cover  larger 
areas  in  the  northern  province  than  in  the  southern.  The  most  ex- 
tensive outcrop  is  in  the  Baltic  region  of  Russia.  The  Ordovician 
beds  of  this  region  are  probably  continuous  beneath  later  formations 
with  the  Ordovician  of  the  Ural  mountains,  and  the  system  probably 
underlies  all  of  northern  Russia.^  Not  only  does  the  system  no- 
where appear  at  the  surface  over  large  areas  in  southern  Europe,  but 
there  is  some  indication  that  the  outcropping  formations  of  different 
regions  are  not  continuous  with  one  another  beneath  younger  beds. 

The  formations  of  the  European  Ordovician  are  largely  fragmental, 
being  made  up  of  shales,  sandstones,  graywackes,  etc.,  with  which 
there  is  associated  relatively  little  limestone.  Where  the  latter  occurs, 
it  often  has  the  form  of  great  lenses  interbedded  with  clastic  rocks, 
showing  that  conditions  favorable  for  its  formation  were  not  con- 
tinuous over  great  areas.  In  its  paucity  of  limestone,  the  Ordovician 
of  Europe  is  in  contrast  with  that  of  North  America.  The  constitution 
of  the  system  as  a  whole  is  such  as  to  show  that  sedimentation  was  very 
varied  within  the  area  of  Europe.    The  succession  of  beds  is  often 

*  Kayser,  Geologische  Formationskunde,  zweite  Auflage. 
'Geikie,  op.  cit.,  p.  949. 
»  Geikie,  op.  cit.,    p.  968. 
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markedly  diflferent  in  closely  associated  localities,  and  even  the  larger 
divisions  established  for  the  northern  province  do  not  hold  for  the 
southern. 

The  Ordovician  system  was  first  differentiated  in  Great  Britain, 
where  it  was  described  under  the  name  of  Lower  Silurian,^  a  name 
which  is  still  frequently  applied  to  it.  The  name  here  used  for  the 
system,  which  comes  from  the  region  occupied  by  the  Ordovices,  is  of 
relatively  recent  adoption.^ 

The  system  is  represented  in  the  British  Isles  by  great  thicknesses 
of  strata  (something  Uke  24,000  feet  maximum) .^  Locally  (Wales), 
nearly  half  the  system  is  composed  of  igneous  rock,  consisting 
of  sheets  of  lava  and  beds  of  fragmental  igneous  rocks  of  various 
sorts.  In  the  north  of  England,  the  successive  beds  of  igneous  rock, 
partly  lava-flows  and  partly  tuffs,  not  interstratified  with  aqueous 
sediments  except  near  the  base  and  summit,  suggest  that  the  eruptions 
took  place,  in  part  at  least,  on  land.  In  Wales,  on  the  other  hand, 
the  igneous  rocks  are  interstratified  with  sedimentaries,  and  are  there- 
fore thought  to  have  been  ejected  beneath  water.*  This  is  one  of 
the  most  extensive,  as  well  as  one  of  the  most  ancient,  volcanic  tracts 
of  Europe.  Igneous  rocks  of  Ordovician  age  also  occur  in  the  north 
of  Ireland. 

From  north  England  and  Wales  the  system  thins  in  all  directions, 
though  it  has  a  thickness  of  something  like  three  miles  in  the  southern 
highlands  of  Scotland.  The  figures  given  are  to  be  looked  upon  as 
maxima,  not  as  averages.  In  Scandinavia  and  Russia  the  system 
has  but  a  fraction  of  the  thickness  which  it  possesses  in  Britain,  and 
the  strata  are  essentially  horizontal.  About  the  Gulf  of  Finland,  some 
of  the  Ordovician  beds  of  clay  and  sand  are  still  unconsolidated.  The 
sands  and  clays  of  the  system  here  might  be  taken,  so  far  as  lithological 
characteristics  go,  for  Tertiary. 

In  the  southern  province  of  Europe,  as  in  most  of  the  northern, 
the  Ordovician  system  does  not  attain  great  thickness,  and  limestone 
is  there  more  abundant  than  in  the  north.  The  strata  are  exposed 
about   various   mountains   where   local   disturbances   have   upturned 

*  Murchison,  Phil.  Mag.  and  Brit.  Assoc,  1835. 
'Lapworth,  Geol.  Mag.,  1879,  p.  13. 

'  This  measurement  is  doubtless  subject  to  the  qualifications  set  forth  on  p.  259. 

*  Geikie,  op.  cit.,  pp.  946  and  949. 
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them^  and  where  erosion  hjas  cut  oflf  the  beds  which  once  overlay  them. 
Ordovician  beds  are  not  certainly  known  in  the  northern  Alps,  though 
the  system  may  be  represented  by  metamorphic  rocks.  It  is  present 
in  the  southern  Alps.  In  France  the  system  carries  a  bed  of  iron  ore 
rarely  more  than  six  feet  thick,  which  is  commercially  valuable.  In 
its  character  and  occurrence,  it  recalls  the  Clinton  ores  of  the  United 
States.i 

In  Bohemia,  though  the  system  does  not  appear  at  the  surface 
over  a  great  area,  it  has  been  made  classic  by  the  paleontological  work 
of  Barrande.2  The  formation  is  here  rich  in  fossils,  and  the  faunas 
of  few  areas  in  any  part  of  the  earth  have  been  studied  with  equal 
care,  or  with  richer  results.  In  contrast  with  the  great  abundance 
of  fossils  in  Bohemia  is  their  paucity  in  the  corresponding  formations 
of  Germany. 

Barring  somewhat  extensive  volcanic  action,  the  Cambrian  and 
Ordovician  periods  were  periods  of  general  quiet  in  Europe,  as  in 
America;  but  at  the  close  of  the  Ordovician  considerable  disturbances 
resulting  in  geographic  changes  of  importance  took  place.  Stated 
in  other  terms,  it  was  these  disturbances  which  brought  the  Ordo- 
vician to  a  close.  These  general  conclusions  are  based  on  the  fact 
that  the  Ordovician  system  of  Europe  is  generally  conformable  on 
the  Cambrian,  while  over  considerable  areas  it  is  unconformable  beneath 
the  Silurian.  This  is  especially  true  in  the  British  Isles,  where  pro- 
found dynamic  changes  intervened.  Here  the  stratigraphic  relations 
of  the  systems  show  that  at  the  close  of  the  Ordovician,  the  strata 
which  had  been  but  recently  laid  down  beneath  the  ocean  were  ele- 
vated, folded,  crumpled,  and  so  metamorphosed  as  to  greatly  change 
their  character.  In  the  Highlands  of  northwestern  Scotland  the 
djTiamic  action  seems  to  have  been  exceptionally  severe.  Here  the 
strata  were  not  only  folded,  but  the  folds  were  overturned,  and  a  series 
of  nearly  horizontal  faults  or  thrust  planes  developed.  Locally,  the 
thrust  was  as  much  as  ton  miles,^  and  had  for  a  result  the  burial  of 
the  Ordovician  strata,  sometimes  without  metamorpliLsm,  by  the 
Cambrian  and  even  the  Archean  rocks.     Over  the  greater  part  of  tlic 

'  DcLapparent,  Traitc?  de  G^'-ologie,  3d  ed.,  p.  800. 
'  Syst^me  Siluriene  de  la  Boh6me. 

'Quart.  Jour.  Geol.  Soc.,  1884  and  1888.  The  latter  article  gives  reference;*  to 
preceding  literature  on  this  interesting  area. 
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European  continent,  on  the  other  hand,  orogenic  disturbances  do 
not  appear  to  have  taken  place  at  the  close  of  the  Ordovician.  In 
Europe,  as  in  America,  the  great  disturbances  took  place  where  thick 
bodies  of  sediment  had  been  accumulated,  or  else  the  beds  were 
greatly  thickened  by  the  disturbances. 

The  Ordovician  system  of  Europe,  like  that  of  America,  is  divided 
into  several  groups  of  strata,  but  it  is  impossible  to  correlate  these 
subdivisions  with  those  of  North  America  with  anything  like  accu- 
racy. In  Great  Britain  the  four  principal  divisions,  beginning  with 
the  oldest,  are  (1)  Tremadoc,  (2)  Arenig,  (3)  Llandeilo,  and  (4)  Cara- 
doc  or  Bala. 

In  other  continents  the  Ordovician  strata  have  usually  not  been 
separated  from  the  overlying  Silurian,  but  they  are  known  to  have  a 
wide  distribution  in  the  Arctic  regions  (Kennedy  Straits,  Boothia, 
Comwallis,  Griffith,  North  Devon,  East  coast  of  Greenland,  etc.).  In 
south-central  Siberia  they  are  said  to  be  represented  by  red  beds,  with 
salt  and  gypsum.^  In  northern  China,  the  Ordovician  system  is  repre- 
sented by  3000  to  4000  feet  of  limestone,  which  overlies  the  I'pjx^r 
Cambrian  conformably. 

Climate. 

Neither  in  Europe  nor  in  America  is  there  decisive  evidence  that 
climatic  zones  were  distinctly  marked.  All  that  is  known  of  the  life 
of  this  era  would  seem  to  indicate  tha^  the«  climate  was  much  more 
uniform  than  now  throughout  the  areas  whel-e^e  strata  of  the  perio<l 
are  known.  The  fact  that  the  Ordovician  ro^MJaave  been  identifie<l 
in  the  far  north  (in  North  Devon,  the  weg^^^Vof  King  William's 
Land,  Boothia,  etc.)  by  their  fossils,  indicateSBil  the  climatic  con- 
ditions of  North  America  and  Europe  mustK/hkve  been  less  diversifieil 
than  now. 

ORDOVICIAN  LIFE. 

Close  sequence  upon  the  Cambrian. — To  the  fact  that  no  great 
physical  change  took  place  in  the  passage  from  the  Cambrian  to  the 
Ordovician  deposits,  as  usually  defined,^  is  now  to  be  added  the  cor- 

^  De  Lapparent,  op.  cit.,  p.  807. 

*  Blackwelder,  Carnegie  Institution.     Unpublished  evidence. 

'  Were  the  dividing  plane  placed  at  the  unconformity  above  the  Calciferous  (Bef  k- 
mantown  of  the  cast,  T^wer  Magnesian  of  the  Upper  Mississippi  Valley),  an  appit^ 
tiable  change  in  the  life  would  have  to  be  recognized,  but  it  would  not  be  a  radical 
one.  For  North  America,  the  plane  of  the  unconfonnity  appears  to  be  the  better 
dividing  horizon. 
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relative  fact  that  there  was  no  distmet  break  in  the  succession  of  life. 
All  reasonable  doubt  that  the  continuity  between  the  two  periods  was 
real  and  not  merely  apparent  is  thus  removed,  for  had  any  great  inter- 
val been  left  imrecorded  by  the  deposits,  it  must  have  made  itself 
manifest  by  a  break  in  the  continuity  of  the  life.  There  seems  ample 
warrant,  therefore,  for  the  view  that  the  vast  period  from  the  beginning 
of  the  Cambrian  to  the  close  of  the  Ordovician  was  one  long  eon  of 
progressive  development  and  of  expansion  of  life,  and  that  its  division 
into  two  nominal  periods  is  artificial  rather  than  natural. 

Edaphic,  Provincial,  and  Cosmopolitan  Development, 

Nevertheless,  the  life  progress  was  not  uniform  in  all  regions,  though 
in  its  general  aspect  it  was  cosmopolitan.  It  varied  much  as  the  con- 
tinental evolution  varied,  and  largely  as  the  result  of  it.  The  variations 
assumed  three  general  phases:  (1)  adaptation  to  the  immediate  physical 
environment,  particularly  the  nature  and  depth  of  the  sea-bottom 
(edaphic  adaptation);  (2)  modification  by  self-evolution  within  re- 
stricted areas  where  isolated  from  other  regions  by  barriers  (provincial 
evolution),  and  (3)  modification  toward  a  universal  type  through  the 
intermigration  of  the  life  of  various  regions  when  barriers  were  removed 
(cosmopolitan  development). 

(1)  Edaphic  modification — ^Areas  in  which  the  bottom  was  rocky, 
or  sandy,  or  muddy,  or  calcareous,  had  their  appropriate  life,  as  did 
also  the  tracts  of  shallow  and  deep  water,  and  the  areas  dominated 
by  other  special  conditions.  The  assemblages  adapted  to  these  special 
conditions  were  not  entirely  distinct  from  one  another,  for  there  were 
not  a  few  forms  that  were  indifferent  to  these  conditions,  particularly 
the  floating  and  free-swimming  species;  but  the  aspect  of  the  fauna, 
particularly  the  sea-bottom  portion  of  it,  was  locally  modified.  These 
modifications  are  well  shown  in  the  Ordovician  fossils,  but  they  are 
of  too  intricate  a  nature  to  be  set  forth  specifically  here. 

(2)  Provincial  modifications. — Although  for  the  greater  part  the 
sea  was  spread  widely  upon  the  face  of  the  continent  in  Ordovician 
times,  and  the  facilities  for  the  intermigration  and  mingling  of  faunas 
ysere  usually  excellent,  there  is  evidence  of  considerable  separation 
into  zoological  provinces.  This  was  probably  due  in  the  main  to  barriers 
interposed  by  gentle  warpings  of  the  sea-bottom  which  introduced 
emergent  tracts  and  tracts  of  excessive  depth;   but  probably  also  in 
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part  to  barriers  constructed  by  the  sea  itself,  in  the  form  of  shoals, 
bars,  and  spits.  In  some  cases  the  separation  of  the  provinces  may 
have  been  due  to  nothing  more  substantial  than  searcurrents  and  the 
attendant  differences  in  temperature,  or  to  locally  increased  or  lessened 
salinity  of  the  waters.  The  formation  and  shifting  of  provinces  due  to 
surface  warpings  seems  to  have  been  most  marked  in  the  Appalachian 
tract,  where  deformations  have  been  more  pronounced  than  in  the 
interior  in  most  geological  stages.  Some  notable  progress  has  recently 
been  made  in  working  out  these  provinces,  but  the  delineations  have 
not  yet  been  brought  to  sufficient  completeness  and  sureness  to  warrant 
an  attempt  to  sketch  them  here.^ 

(3)  Cosmopolitan  development. — Notwithstanding  the  local  and 
provincial  modifications  just  named,  the  progress  of  the  Ordovician 
life  on  the  American  continent  seems  to  have  been,  on  the  whole,  in 
the  direction  of  cosmopolitanism.  This  was  due,  in  part,  to  the  wide 
development  of  the  epicontinental  seas,  which  in  themselves  gave  a 
broad  and  rich  field  for  evolution,  and  in  part  to  the  facilities  for  the 
intermingling  of  the  faunas  of  the  various  continents.  A  cosmopolitan 
tendency  is  particularly  marked  in  the  great  interior  region  which  was 
more  stable  than  the  border  tracts  and  which  better  discloses  the  great 
lines  of  biological  movement,  because  less  affected  by  the  little  ones. 

The  preceding  statements  relate  chiefly  to  the  shallow-water  life  of 
the  spa,  as  this  includes  the  larger  part  of  all  that  is  represented  in 
those  portions  of  the  deposits  that  are  now  accessible.  The  deep-sea 
beds  of  the  Ordovician  are  nearly  all,  probably  quite  all,  inaccessible. 
The  shallow-water  life  that  was  subject  to  local  and  regional  modification 
embraced  not  only  the  species  which  were  limited  to  particular  kinds 
of  bottom,  etc.,  but  those  which  were  dependent  on  these  for  food  and 
for  other  necessary  conditions  of  life. 

Fortunately,  however,  in  the  Ordovician  deposits  there  is  an  excep- 
tional record  of  the  free-floating  life  of  the  ocean  made  by  an  extinct 
order,  the  graptolites  (Fig.  167)  .^  This  record  is  not,  however,  isolated, 
as  it  might  have  been  if  deposited  on  a  sub-oceanic  plateau  in  mid- 
ocean,  inaccessible  to  coast  life,  and  covered  with  water  too  shallow  for 

'  See  Paleozoic  Seas  and  Barriers,  by  E,  O.  Ulrich  and  Charles  Schuchert,  Rept 
N.  Y.  State  Paleontologist,  1901,  pp.  633-Gr)8. 

^  It  b  not  universally  agreed  that  all  graptolites  were  floating  forms  at  all  stages, 
but  there  seems  to  be  little  doubt  that  they  usually  were  in  their  young  stages  at  least. 
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abysmal  life.  The  graptolites  are  mingled  more  or  less  freely  with  the 
fossils  of  the  shallow-water  life.  This  implies  that  the  open-sea  life  was 
borne  freely  over  the  epicontinental  seas.  This  is  further  testimony 
to  the  sea-prevalence  and  the  cosmopolitan  tendency  of  the  life  develop- 
ment. Pelagic  forms  in  general  enjoy  great  freedom  of  distribution^ 
and  hence  their  progress  is  to  be  presumed  to  be  much  the  same  in  all 
oceanic  regions.  Even  here,  absolute  equality  of  progress  is  not  predi- 
cable,  for  the  ocean-currents  form  circuits  within  which  they  return  upon 
themselves  without  compassing  the  whole  globe,  and  without  commin- 
gling very  extensively  with  other  waters;  and  hence  even  the  floating 
open-sea  life  is  assembled  in  some  measure  into  vague  provinces,  and 
this  has  probably  always  been  the  case.  But  the  Ordovician  graptolites 
are  found  to  be  practically  identical  not  only  on  the  European  and 
American  sides  of  the  North  Atlantic,  which  might  have  been  dominated 
by  an  oceanic  circuit  of  its  own,  but  in  the  seas  of  the  times  as  far  away 
as  Australia,  whose  relations  are  with  the  Pacific,  the  Indian,  and  the 
Antarctic  oceans.  The  inference  is  that  the  range  of  the  graptolite 
six^cies  was  ocean-wide.  They  were  par  excellence  cosmopolitan  forms. 
I^pworth  ^  has  shown  that  the  duration  of  individual  species  was  not 
very  great,  geologically  speaking,  and  hence  the  succession  of  species  was 
well  suited  to  mark  the  contemporaneous  progress  of  events  in  all 
quarters  of  the  ocean.  During  the  lifetime  of  the  graptolites,  which 
unfortunately  was  limited  to  the  late  Cambrian,  Ordovician,  and  Silu- 
rian, Lapworth  identifies  a  score  of  successive  zones,  each  character- 
ized by  a  particular  species.  One  of  these  zones  falls  in  the  Cambrian, 
eight  in  the  Ordovician,  and  eleven  in  the  Silurian.  If  these  be  taken 
a-s  chronological  bench-marks,  so  to  speak,  the  successive  horizons  of 
the  different  continents  may  be  accurately  correlated  and  the  progress 
of  life  in  the  various  quarters  of  the  globe  referred  to  a  common  s(^t  of 
standards.  The  succession  of  American  faunas  will  claim  our  attention 
later.    Our  first  concern  is  with  the  general  progress  of  life. 

*  On  the  geological  Distribution  of  the  Rhabdophora,  Ann.  Mag.  Xat.  Hist.,  5th 
Scr.,  Vol.  Ill,  pp.  245,  445;  Vol.  IV,  pp.  333,  418;  Vol.  V,  pp.  45,  149,  273,  and  3.58; 
Vol.  VI,  pp.  16,  185.  On  American  graptolites,  see  particularly  James  Hall,  Can, 
Org.  Remains,  Dec.  II,  1865;  20th  Rept.  X.  Y.  State  Col.  of  Nat.  Hist.,  1808;  R.  R. 
Gurley,  Jour.  GeoL,  Vol  IV,  1896,  pp.  63  and  291,  and  R,  Ruedemann,  Mem.  No.  7. 
N.  State  Mus. 
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The  General  Progress  of  Ordovician  Life. 

While  there  was  a  fair  preservation  of  the  life  of  the  Cambrian, 
there  is  a  much  superior  representation  of  the  Ordovician  life.  Some 
part  of  this  is  due  to  a  real  advance  in  fossilizable  forms,  and  probably 
to  a  real  multiplication  of  their  numbers,  but  a  part  is  probably  also 
due  to  better  conditions  of  preservation.  The  Ordovician  life  is  prob- 
ably to  be  regarded  as  the  climax  of  the  life  of  the  first  great  fossil- 
iferous  period,  and  as  such  its  fossils  may  well  receive  more  study 
and  fuller  illustration  relatively  than  it  will  be  possible  to  give  later 
faunas. 

The  Scantiness  of  the  Record  of  Land  Life. 

Theoretically,  there  are  strong  reasons  for  believing  that  the  pteri- 
dophytes  and  perhaps  other  leading  groups  of  plants  clothed  the  land, 
for  they  appear  in  abundance,  in  high  development,  and  in  wide  differ- 
entiation in  the  Devonian  period.  The  physical  argument  for  a  vegetal 
clothing  of  the  land  is  also  now  stronger  than  before,  for  animal  life 
swarmed  about  the  shores,  and  limestone  was  sometimes  laid  down 
close  to  the  Archean  crystalline  rocks  and  even  among  the  granite 
hills,  as  in  Ontario  and  elsewhere.  This  is  difficult  to  imderstand  if 
the  crystalline  rocks  were  naked  and  the  wash  from  them  unrestrained, 
even  if  their  surfaces  were  rather  low.  Rather  should  we  expect  arkose 
sandstones  in  all  the  adjacent  tract  and  relative  scantiness  of  life, 
because  the  land  waters  would  be  poor  in  organic  matter  if  the  land 
bore  no  vegetation.  If  on  the  other  hand  the  land  were  clothed  with 
vegetation  and  relatively  low,  silty  wash  would  be  limited,  the  land 
waters  rich  in  organic  matter,  and  the  conditions  favorable  at  once 
for  teeming  life  near  the  shores,  and  free  limestone  deposition  as  a 
consequence.  But  the  record  merely  furnishes  some  imperfect  relics 
that  are  interpretable  as  land  plants,  without  revealing  much  of  the 
land  vegetation.^ 

The  first  record  of  insect  life. — ^The  oldest  relic  of  insect  life  known 
at  present  is  a  rather  obscure  wing  foimd  in  the  graptolite  shales 
of  the  Upper  Ordovician  of  Sweden.  It  is  referred  to  the  order  of 
Hemiptera  (bugs,  cicada,  etc.).  Not  enough  is  preserved  to  show 
fully  the  insect's  nature,  but  the  existence  of  any  flying  insect  of  tliis 

*  Dawson,  Plant  Life,  p.  21. 
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order  implies  the  presence  of  vegetation  and  of  atmospheric  conditions 
suited  to  active,  air-breathing  organisms. 

The  Main  Record  Marine. 

The  marine  invertebrates  made  up  almost  the  whole  of  the  recorded 
fauna  of  the  Ordovician,  and  among  these  the  trilobites,  the  cephalo- 
pods,  and  the  brachiopods  held  the  leading  places.  Of  these,  the 
brachiopods  were  the  most  numerous,  the  trilobites  the  highest  in 
organization,  and  the  cephalopods  the  most  powerful.  But  the  fore- 
shado wings  of  a  new  djmasty  were  even  then  at  hand. 

The  appearance  of  the  vertebrates. — ^In  the  Ordovician  near  Canyon 
City,  and  at  some  other  localities  in  Colorado,  the  remains  of  fish- 
like organisms  occur  in  great  abundance,  but,  unfortunately,  in  poor 
condition,  associated  with  characteristic  Ordovician  invertebrates.^ 
The  fish  relics  are  very  fragmentary,  but  among  them  there  are  com- 
plete dermal  plates.  Rarely,  a  few  of  these  plates  remain  joined 
to  one  another.  There  are  also  portions  of  the  vertebral  column. 
The  relics  are  sufficient  to  make  it  clear  that  fish-like  forms  lived  in 
some  abimdance,  and  that  they  were  armed  for  defense.  It  is  not 
equally  clear  that  they  were  armed  for  attack. 

The  climax  of  the  trilobites. — More  than  half  of  all  the  known 
genera  of  trilobites,  as  listed  by  Zittel,  were  represented  in  Ordovician 
times.  Only  a  few  of  these  came  over  from  the  Cambrian,  while 
the  others  make  their  first  appearance  in  this  period.  In  the  next 
period  (Silurian),  their  numbers  fell  to  one  half,  and  in  later  periods 
declined  still  further  until  they  disappeared  at  the  close  of  the  Paleozoic 
era.  The  rise  and  fall  of  the  trilobites  is  shown  graphically  in  the 
curve  of  the  accompanying  figure  (Fig.  156).  Their  climax  appears 
to  have  been  reached  by  a  rapid  evolutionary  ascent,  and  to  have 
been  followed  by  a  more  gradual  decline,  but  the  ascent  was  doubt- 
less very  much  more  prolonged  in  reality  than  appears  from  the  record, 
which  is  doubtless  less  complete  in  the  Cambrian  and  pre-Cambrian 
systems  than  in  those  of  later  periods.  The  attainment  of  a  climax 
so  early  in  the  recorded  history  of  life  is  a  very  notable  event. 

The  cystoids  and  the  graptolites  also  reach  their  climaxes  in  this 
period.  The  cystoids  were,  however,  replaced  by  their  near  kin,  the 
crinoids,  and  the  much  simpler  organization  of  the  graptolites  makes 

»  Walcott,  Bull.  Geol.  Soc.  of  Am.,  Vol.  Ill,  pp.  153-171. 
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their  early  climax  less  significant.  The  climax  of  the  trilobites  may 
therefore  be  regarded  as  the  foremost  great  event  of  its  kind  that  is 
definitely  recorded. 
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Fig.  156. — ^The  two  upper  ounces  represent  the  history  of  the  trilobites  according 
to  genera,  the  full  fine  indicating  the  total  number  of  genera  present  in  the  faunas 
of  the  successive  periods,  and  the  dotted  line  the  number  of  new  genera  introduced. 
The  two  lower  curves  present  the  same  data  for  the  families  of  the  trilobites,  the 
full  line  representing  the  total  number  of  families  present,  and  the  dotted  line 
the  number  of  new  families  introduced.  The  data  for  the  families  is  taken  from 
Beecher  in  the  Zittel-Eastman  text-book  of  Paleontology,  Vol.  I.  The  data  for 
the  genera  is  somewhat  incomplete,  but  is  as  full  as  can  be  made  from  Zittel's 
"  Handbuch  der  Palaeontologie." 

The  general  aspect  of  the  trilobites  at  the  high  tide  of  their  career 
is  fairly  illustrated  in  the  group  shown  in  Fig.  157.  The  Ordovician 
trilobites  were  usually  much  better  preserved  than  their  Cambrian 
predecessors,  but  still  they  are  never  known  to  have  been  perfectly 
fossilized.  So  general  was  the  loss  of  the  more  fragile  parts,  that 
the  nature  of  the  appendages  and  of  the  imder  parts  was  a  mooted 
question  until  recent  years,  when  the  under-structure  was  worked 
out  in  the  case  of  a  few  forms  by  the  skill  and  patience  of  Walcott, 
Beecher,  and  others.  ^  Thase  few  forms  doubtless  represent  the  general 
nature  of  the  appendages  of  the  whole  order,  though  notable  varia- 
tions are  not  improbable.    The  accompanying  photograph  of  a  model 

1  Walcott,  28th  Rept.  N.  Y.  State  Mus.  Nat\  Hist.,  1875;  Bull.  Mus.  Comp.  Zool.. 
Cambridge,  VIII,  1881.  Beecher,  Am.  Jour.  Sci.,  Vol.  XLVI,  1893;  Vol.  XLVII, 
1894,  and  Vol.  I,  Ser.  4,  1896;  Am.  Geol.,  Vol.  XIII,  1894,  and  Vol.  XV,  1895.  Mat- 
thew, Am,  Jour.  Sci.,  Vol.  XLVI,  1893.     (Weller). 
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FiQ.  1^7. — Ordcvician  TrilcbUes.  a,  Trinucleus  omatus  Sternberg;  6,  Ilarpes  primus 
Barrande;  c,  Bronteus  lunatus  Billings;  d,  Pterygometopus  callicephalus  (Hall); 
e,  Odontopleura  crosottts  (Locke);  /,  lUwnus  americanus  Billings;  g^  Proetus 
'Darviusculus  Hall;  A,  Isotelus  maximiis  Locke;  i-;,  CcUymene  ccdlicephala  Green; 
Kf  Ceraurus  vleurexanthemtis  Green;  Z,  Lichas  incola  Barrande;  7W,  Bumaslus 
trentonensis  (Emmons).  The  lowest  order  of  Trilobites,  the  Hypoparia,  are  rep- 
resented by  figures  o  and  h.  They  have  no  true  eyes,  and  the  facial  suture  is 
marginal  or  sub-marginal.  Figures  c,  /,  g^  A,  Z,  and  m  are  examples  of  the  trilo- 
bite  order  Gpisthoparia,  in  which  the  posterior  limb  of  the  facial  suture  is  directed 
backward,  cutting  the  posterior  margin  of  the  head  and  lea\'ing  the  genal  angle 
on  the  free  cheek.  The  different  degrees  of  differentiation  of  the  glal^lla  should 
be  noted.  Figures  d,  t-^,  and  k  are  examples  of  the  order  Proparia  which  includes 
the  .highest  of  the  trilobites;  the  postenor  limb  of  the  facial  suture  is  directed 
lateralri^,  leaving  the  genal  angle  upon  the  fixed  cheek;  this  order  was  not  present 
in  the  Cambrian  faunas. 
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by  Beecher  (Fig.  158),  made  by  combining  parts  of  different  indi- 
viduals of  Triarthus  heckii,  shows  that  this  species  possessed  a  row 
of  legs  extending  along  each  side  of  the  body  and  that  these  were  fur- 
nished with  fringed  natatory  branches.  From  these  appendages,  it 
is  inferred  that  the  Triarthits  both  ran  and  swam  and  was  a  swift  active 
animal.  It  possessed  antennae,  which  probably  signifies  a  well-developed 
tactile  sense.  The  swimming  filaments  have  not  been  found  in  some 
genera  where  the  legs  have  been  observed.    In  these  cases  it  is  noted 


Fio.  158. — TriarthiLs  heckii  Green,  showing  the  locomotive  and  other  appendages. 
Dorssd  and  ventral  aspects.     (After  Beecher.) 

that  the  legs  are  relatively  weak,  and  that  these  are  forms  which  had 
the  habit  of  rolling  up,  while  the  Triarthus  was  stiffly  articulated. 
The  suggestion  has  hence  been  made  that  the  trilobites  followed  two 
fines  of  development.  The  one  class,  being  weak  in  power  of  loco- 
motion and  sluggish  in  habit,  developed  a  jointed  articulation  and 
found  safety  when  attacked  in  rolling  up  armadillo  fashion,  while  the 
other  acquired  effective  running  and  swimming  organs  and  found 
safety  in  flight;  but  present  data  are  insufficient  to  demonstrate  this 
distinction,  for  the  appendages  of  most  trilobites  are  still  imknown. 
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The  eyes  of  the  Odovician  trilobites,  as  a  rule,  were  more  prominent 
and  better  developed  than  those  of  the  Cambrian  forms,  and  showed 
improved  adaptation  by  being  set  on  a  curved  pedestal,  so  that  some 
eyelets  were  directed  more  to  the  front  and  others  more  to  the  rear,  giv-- 
ing  an  ampler  angle  of  vision  (see  particularly  d  and  h.  Fig.  157).  There 
was  little  or  no  increase  in  the  average  size  of  the  trilobites.  The 
hoielus  gigas  sometimes  reached  a  length  of  18  inches  and  ranked 
among  the  giant  trilobites,  but  it  was  equaled  and  even  surpassed 
by  some  of  the  great  Paradoxides  of  the  Cambrian.  Progress  took 
the  form  of  improvement  of  the  parts  and  of  superior  adaptation  ralher 
than  increased  size.  Ciuious  ornamentation  of  the  exterior  was  dis- 
played in  some  genera,  as  were  also  eccentric  departures  from  the 
simple  three-lobed  form,  but  such  aberrations  became  far  more  pro- 
noimced  in  the  early  stages  of  the  decline  of  the  trilobites,  in  later 
periods. 

Other  crustaceans. — Besides  the   trilobites,   the  crustaceans  were 
represented  by  a  few  inferior  forms.      Ostracodes  were  common  in 


^z 


Fig.  159. — Ordorician  Crustacea,  other  than  Trilobites.  o-6,  Ceralopais  ondifera 
(Hail),  lateral  and  ventral  views;  c,  EurychUinn  reticulata  Ulrich;  d,  MacronoteHa 
scofieldi  nricli;  c,  Ceratopsis  chambersi  (Miller);  f-g,  Tetradella  quadriliraia 
H.  and  W.,  lateral  and  dorsal  view;  h,  Aparchites  minutissimus  Hall;  i-;, 
Lepidocoleus  jameai  (Meek),  a  single  plate  and  a  complete  indi^^dual.  Figures 
a-h,  r,  d,  e,  f-g,  and  /tare  examples  of  Ordovician  ostracods,  all  of  them  much, 
magnified.  Figures  i-j  are  illustrations  of  a  single  plate  and  of  the  complete 
individual  of  a  cirriped  crustacean. 


some  beds  (Fig.  159,  a,  6,  c,  d,  e,  /,  g,  and  h)  and  there  were  a  few  cirripeds 
of  which  the  barnacle  is  the  most  familiar  modern  type;  but,  unlike 
the  barnacle,  the  Ordovician  cirripeds  had  an  elongate  body  and  were 
not  sessile  (Fig.  159,  i,  j).  The  euripterids,  a  limuloid  form  related 
to  the  arachnids,  appeared  in  the  later  part  of  the  period. 

The  dominance  of  the  cephalopods. — ^The  largest,  the  most  powerful, 
and  perhaps  the  most  predaceous  of  the  known  forms  of  Ordovician 
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life  were  the  cephalopods,  which  seem  to  have  come  in  with  extraor- 
dinary suddenness.  Unless  the  fishes,  of  which  so  little  is  known, 
contested  their  supremacy,  they  were  doubtless  the  undisputed  masters 
of  the  sea.  Their  relics  first  appear  at  the  time  of  the  transition  from 
the  Cambrian  to  the  Ordovician,  but  they  were  then  so  far  advanced 
in  their  development  and  so  widely  differentiated  from  allied  forms  as  to 
render  it  probable  that  they  had  really  lived  much  earlier.  Their 
general  aspect  may  be  gathered  from  the  group  in  Fig.  160,  but  only 


Fig.  160. — Ordovician  Cephalopods.  a,  Poierioceras  apertum  WTiiteaves;  6,  Ct/rto- 
ceras  neleus  Hall;  c,  Orthoceras  bilineatum  Hall;  d,  Clinoceras  mumicBforme 
( \V'hit field) ;  e,  Orthoceras  sociale  Hall;  /,  Gyroceras  duplicicofdalum  Wliitfield; 
g,  Oncoceras  pandion  Hall;  A,  TrocholUes  ammonias  Conrad.  These  figures  illustrate 
different  types  of  Ordovician  cephalopods,  varying  from  the  straight  orthocera- 
tites  (e)  to  the  closely  coiled  nautiloid  type  (h).  In  all  of  them  however,  the  sutures 
are  straight  or  nearly  so.     (Weller.) 

small  forms,  or  large  forms  on  a  greatly  reduced  scale,  are  available 
for  illustration.  The  dominant  form,  as  well  as  the  most  primitive 
one,  was  the  Orthoceras  (Fig.  160,  e),  whose  shell  consisted  of  a  long, 
straight,  gently  tapering  cone,  partitioned  by  plane  septa  into  chambers 
connected  by  a  central  tube  (siphuncle).  Even  in  Ordovician  times 
there  had  already  been  a  wide  departure  from  the  ideal  simplicity  of 
the  Orthoceras.  There  were  not  only  moderate  curvatures,  as  exem- 
plified by  the  Cyrtoceras  (Fig.  160,  6),  but  there  were  loosely  coiled 
forms  £ts  the  Gyroceras  (Fig.  160,  /)  and  close-coiled  ones,  as  the  Tro- 
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cholites  (Fig.  160,  h),  which  resembled  the  NaiUilics  of  to-day.  The 
straight  forms  preponderated,  however,  and  the  sutures  scarcely  de- 
jjarted  from  severe  simplicity.  We  shall  find  that  in  later  periods  the 
sopta  and  other  features  varied  still  more  widely,  and  by  so  doing 
marked,  in  a  very  tangible  way,  the  progress  of  the  class. 

Perhaps  no  other  invertebrates  so  well  show  the  progress  of  Paleo^ 
zoic  and  Mesozoic  times  as  the  cephalopods,  and  this  invites  a  special 


^  ^  tf 


Fig.  161. — Ordovician  Gastropods,  a,  Subuliies  regularis  U.  and  S.;  6,  Maclurea 
logani  Salter;  c,  Lophospira  helicteres  (Salter);  d,  Cyclonema  bilix  (Conrad); 
e,  Schizolopha  textilis  Ulrich;  /,  Hclicotoma  vlanulata  Salter;  g^  Hormotoma 
gracilis  (Hall):  h,  Eccyliomphalus  iriangulus  Whitfield;  ij ,  Archinacella  cingukUa 
tlrich;  k-lf  Ophileta  complanala  Vanuxem;  m,  Cyrtolites  ornalus  Conrad;  n, 
Raphistomina  lapicida  (Salter);  o,  Protowarthia  cancellata  (Hall);  p,  ConradeUa 
fimbriaia  U.  and  S. ;  ^,  Bellerophon  clausus  Ulrich;  r,  Conularia  irentonensis 
Hall.  The  exact  zoological  position  of  Conularia  (r)  is  not  certainly  known,  but 
it  i»  usually  regarded  as  a  pteropod.  The  remaining  figures  illustrate  in  a  measure 
the  great  variety  of  forms  assumed  by  the  Ordo\ncian  gastropods,  a  remarkable 
amount  of  differentiation  when  the  slight  representation  of  the  group  in  Cambrian 
faunas  is  recalled. 

study  of  these  early  forms.  The  size  attained  in  this  early  period  was 
])robably  as  great  as  ever  reached  by  the  chambered  cephalopods, 
some  of  the  shells  being  twelve  or  fifteen  feet  in  length  and  a  foot  in 
greatest  diameter.  From  this  maximum  they  ranged  down  to  forms 
smaller  than  a  pipe-stem.  Their  habits  are  wholly  matters  of  inference 
from  their  structure,  and  from  the  habits  of  their  relatives  in  the  present 
seas.  Perhaps  they  floated,  shell  uppermost,  or  crawled  upon  the 
bottom,  and  preyed  upon  a  variety  of  weaker  forms  of  Ufe. 
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The  Ordovician  gastropods. — ^The  gastropods  were  very  fairly 
represented  in  the  early  Ordovician  fauna.  There  were  present  not 
only  the  simpler  shell-forms,  which  consist  merely  of  a  low  cone  wth  a 
vertical  or  sUghtly  curved  axis,  like  the  capulids  (Fig.  161  i,  j),  but 
also  the  three  leading  types  of  the  spiral  shell,  the  depressed  concave 
coil  (Fig.  161,  kj  l)y  the  low  spire  (Fig.  161,  n)  and  the  elevated  spire  (Fig. 
161,  gr  and  a).  The  last  made  a  relative  gain  as  the  period  progressed. 
Perhaps  no  form  of  early  Paleozoic  life  so  closely  and  so  ob\dously 
resembled  the  modern  forms  as  the  gastropods,  which  even  the  imin- 
structed  recognize  as  ''snails."  The  Conularia  (Fig.  161,  r)  represents 
the  suborder  pteropods. 

The  Ordovician  pelecjrpods. — ^The  pelecypods  (lamellibranchs),  like 
their  representatives  (the  clams)  of  to-day,  seem  to  have  been  fond  of 
muddy  or  sandy  bottoms,  for  they  are  rather    rare  in  the  limestone 

^  •  %  ^ 
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Fig.  162. — Ordovician  Pelecypods  (Lamellibranclis).  a,  Pferinea  demissa  (Conrad), 
exterior  of  left  vahe;  6,  Lyrodesfna  cincinncUiensis  Hall,  interior  of  right  valve, 
showing  a  primitive  type  of  hinge;  c,  Byssonychia  radicUa  (Hall),  exterior  of  left 
valve;  d,  Vanuxemia  aixonensis  M.  and  W.,  interior  of  right  valve,  showing  the 
hinge  and  muscular  impressions;  6,  Ischyrodonta  dedpiens  Ulrich,  interior  of 
right  vah'e,  showing  the  hinge  and  muscular  impressions;  f-g^  Ctenodonta  nasnia 
(Hall),  exterior  of  right  valve  and  a  view  of  the  liinge;  A,  Modiolopsis  argvia  (Ulrich), 
exterior  of  the  left  valve,  and  a  view  of  the  hinge;  i-j  CtenoaorUarecwrva  Ulrich, 
exterior  of  right  valve  and  a  view  of  the  hinge;  k,  Rhytimya  radiata  Ulrich, 
exterior  of  the  right  valve,  ^  Orthodesnm  rectum  H.  and  W.,  exterior  of  the  right 
valve;  m,  Ctenodonta  pectunculoides  Hall,  interior  of  the  left  valve,  showing  the 
hinge;  n,  Technophorus  divaricatus  Ulrich,  exterior  of  the  left  valve.  This  is 
usually  described  as  a  pelecypod,  but  it  is  probably  a  peculiar  bivalve  cnistacean. 

beds  of  the  earher  and  middle  Ordo\dcian,  but  increase  in  abundance 
as  the  deposits  grade  into  the  shales  of  the  later  Ordovician.  On  the 
whole  they  were  very  subordinate  to  the  gastropods  and  cephalopods 
in  numbers  and  in  range,  except  locally.    This  is  perhaps  the  moiB 
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notable,  as  the  pelecypods  are  the  lower  and  less  diflferentiated  type, 
though  the  hinged  double  valve  is  a  device  of  higher  order  than  the 
single  valve.    Representative  forms  are  shown  in  Fig.  162. 

The  abtmdant  development  of  the  brachiopods. — Shells  of  brachio- 
pods  are  the  most  common  fossils  of  the  Ordovician  strata.  This 
arose  no  doubt  partly  from  their  special  suitability  for  preservation; 
but  chiefly,  we  may  safely  assume,  from  their  numerical  superiority 
in  the  Ordovician  fauna.  The  record,  as  it  now  stai^ds,  shows  more 
individuals  per  species  than  in  any  other  class  except  perhaps  the  bryo- 
zoans.  This  wide  deployment  is  the  more  notable  since  the  brachiopods 
were  among  the  most  conservative  of  all  the  classes  found  in  the  fossil 
state.  The  lower  inarticulate  forms  of  the  order,  which  predominated 
in  the  Cambrian,  continued  through  the  Ordovician  (as  indeed  they 
have  done  to  the  present  time),  but  the  higher  articulate  forms  greatly 
outnumbered  them.  The  large  development  of  the  articulate  class 
was  attended  by  a  progressive  evolution  of  the  mode  of  articulation 
in  which  two  lines  were  followed.  In  some  the  length  of  the  hinge 
was  increased,  apparently  affording  a  better  means  of  resisting  the 
attempts  of  their  enemies  to  reach  them  by  sliding  or  rotating  the 
valves  past  one  another  (see  Fig.  163,  a,  6,  e,  /,  g,  etc.).  In  others  the 
front  of  the  shell  opposite  the  hinge  was  notched  so  that  the  valves 
were  interlocked  when  closed,  and  thus  more  effectively  resisted  any 
sUding  upon  one  another  (Fig.  163,  d  and  u).  This  device  was  usually 
best  developed  in  the  shells  of  narrow  and  weak  hinge-line,  where  it 
was  most  needed  <Fig.  163,  t-u).  Some  shells  combined  both  the 
long  hinge-line  and  the  interlocking  front  (Fig.  163,  c-d).  The  hinges 
themselves  were  also  improved  by  the  use  of  different  adaptations, 
not  easily  described  briefly,  but  illustrated  measurably  in  Fig.  163,  6,  e^ 
(7,  and  q.  In  addition  to  these  devices  for  preventing  the  opening  of 
the  shell,  there  was  generally  a  thickening  of  the  shell  walls,  and  in 
many  cases  a  ribbing  of  the  exterior  which  gave  strength  without  need- 
less weight,  and  at  the  same  time  facilitated  the  crenulation  and  inter- 
locking of  the  front  edge  (Fig.  163,  d  and  w).  Correlated  with  these 
developments  was  also  a  deepening  and  strongthing  of  the  muscular 
impressions,  which  implies  a  stronger  and  better  muscular  system  (Fig. 
163,  b,  e,  gf,  and  i).  The  introduction  of  the  brachidium  (Fig.  163,  2), 
a  calcareous  support  for  the  fleshy  arms,  is  another  notable  advance. 
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Fig.  163. — Ordovician  Brachiopods.  a,  Rafinesquina  aUemaia  (Emmons),  exterior 
of  the  concave  brachial  or  dorsal  valve,  with  the  cardinal  area  and  triangular 
(leltidium  of  the  pedicle  valve;  6,  Clitambonites  anonuila  (Schl.),  interior  of  the 
pedicle  valve,  showing  the  spondylum;  c-d,  Platystrojohia  hmx  (Eich.),  exterior 
of  the  pedicle  valve  and  anterior  view  of  a  complete  snell,  snowing  the  fold  and 
sinus;  e-g,  Uchertella  sinuata  (Hall),  interior  vie\^'s  of  the  two  valves  (c= pedicle, 
^  =  brachial),  showing  muscular  impressions  and  hinge,  and  the  exterior  of  a 
complete  shell  from  the  pedicle  side;  A,  Schizolrela  ovalis  H.  and  C:  the  pedicle 
valve;  i-j,  Linffulasma  schucherii  TJlrich,  interior  of  the  brachial  valve,  showing 
the  elevated  platform  for  muscular  attaclmient,  and  the  median  septum; 
also  a  lateral  view  of  an  internal  cast,  showing  the  platforms  in  each  valve; 
k,  Lingiila  reclilateralis  Emmons;  Z,  Tremalis  miuepundatn  Hall,  pedicle  \-iew  of 
a  complete  shell,  showing  the  unmodified  notch-like  pedicle  opening;  m,  Schizo- 
ireta  fufsus  Kutorga,  a  pedicle  valve  much  enlarged;  n,  Schizocrania  filosa  (Hall), 
a  brachial  valve;  o.  Crania  Uclia  Hall,  brachial  \'iews  of  four  indhiduaLs 
attached  to  another  shell;  p-r,  Slrophomena  subterUa  Conrad,  (p)  profile  view 
of  the  concavo-convex  shell,  (o)  posterior  view  of  a  complete  shell,  showing  the 
Iiinge-line,  cardinal  area,  and  cleltidium,  (r)  exterior  of  the  concave  pedicle  valve; 
«,  Orthis  tricenaria  Conrad,  exterior  of  the  bracliial  valve  and  the  cardinal  area 
of  the  pedicle  valve,  showing  the  open  delthyrium;  /-u,  Rhyncholrema  capax 
Conrad,  brachial  ard  anterior  views;  v,  Dalmanella  testudinaria  (Dal.),  bracliial 
\iew;  u\  Lcptwna  rhomdoidalis  Wilck.;  the  pedicle  valve ;  x,  PledambonHes  seri' 
ecus  (Sow.),  brachial  view;  ?/,  Catazyga  keadi  (Bill.),  bracliial  \new;  «,  Zygospira 
recurvirostris  (Hall),  interior  of  a  brachial  valve,  showing  the  spiral  brachidium  in 
position;  zz,  Zygospira  exigua  (Hall),  brachial  view,  figures  h,  i-j\  k,  I,  m,  w, 
and  o  are  inarticulate  bracliiopods  belonging  to  the  orders  Atremaia  and  Ncotre- 
maia,  and  ser\'e  to  illustrate  iji  a  measure  the  great  variety  of  these  brachiopocb? 
in  the  ()rdo\ncian  fauna.  The  remaining  figures  are  articulate  brachiopods 
Protremata  and  Telotremata.  Figures  y,  «,  and  zz  are  spire-bearing  Telotremata^ 
which  first  appear  in  this  period. 
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A  compaxison  of  the  accompanying  figures  with  those  of  the  Cambrian 
brachiopods  will  illustrate,  in  some  degree,  these  evolutions.  All  these 
devices  seem  to  imply  that  the  enemies  of  the  brachiopods  had  in- 
creased in  effectiveness  also,  perhaps  in  somewhat  like  proportions. 
That  they  did  not  gain  undue  mastery  seems  to  be  implied  by  the 
abundance  of  the  brachiopods.  A  curious  form  was  the  concavo- 
convex  type  (Fig.  163,  p  and  g),  in  which  the  living  space  between  the 
valves  was  reduced  almost  to  a  minimum.  Perhaps  this  also  was  an 
adroit  protective  device  in  that  it  gave  so  much  shell  for  so  little  meat 
that  it  was  scarce  worth  while  for  their  enemies  to  crush  them. 

The  abtmdance  of  the  bryozoans. — ^The  bryozoans  were  akin  to 
the  brachiopods,  but  their  external  forms,  their  habits  of  life,  and  their 
modes  of  depositing  their  hard  parts  were  so  different  as  to  mask  their 
kinship  in  the  fossil  form.  The  bryozoans  lived  in  colonies,  connected 
by  a  common  mantle  which  secreted  calcareous  material  to  form  the 
base  or  skeleton  of  the  colony.  The3e  secretions  so  closely  resemble 
those  of  the  corals  that  they  have  often  been  classed  as  corals,  and 
differences  of  opinion  still  exist  relative  to  certain  forms,  the  Mon- 
tiailipora  for  example.^  Certain  bryozoan  colonies  formed  hemi- 
spherical masses  much  like  those  of  certain  corals  (Fig.  164,  6).  Others 
assmned  branching  forms,  resembling  the  ramose  corals  (Fig.  164, 
h  and  i),  while  still  others  formed  networks  spread  over  other  fossils 
(Fig.  164,  c,  d).  The  individual  pit-like  cavities,  or  cells  (Fig.  164, 
c,  Qj  /,  and  j)  occupied  by  the  individual  brj'ozoans  are  usually  much 
smaller  than  the  cups  of  the  corals,  though  the  smallest  cups  of  the 
corals  are  not  larger  than  the  largest  cells  of  the  brj-ozoans. 

Judging  by  the  fossils,  the  brj-ozoans  were  very  rare  in  the  Cam- 
brian fauna,  and  were  not  very  conspicuous  in  the  early  Ordoviciah, 
but  they  became  abundant  in  the  middle  and  later  portions  of  the 
period,  when  they  contributed  an  important  element  to  the  rock- 
material.  The  branched  forms  predominated,  but  the  hemispherical 
and  reticulated  forms  were  not  uncommon. 

The  deployment  of  the  echinoderms. — While  there  is  little  more 
than  a  bare  indication  that  the  echinoderms  were  present  in  Cam- 
brian time,  before  the  close  of  the  Ordovician  period  the  cystoids  had 
moimted  to  their  climax,  the  crinoids  had  become  prominent,  and 

«  "The  Problem  of  the  Monticuliporoidea, "  F.  W.  Sardeson,  Jour.  Geol.,  Vol.  IX, 
1901   pp.  1-27. 
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the  asteroids,  the  ophiurians,  and  the  echinoids  had  nmde  t>.eir  appear- 
ance, though  scantily  represented.  This  leaves  unrepresented  but 
one  of  the  six  classes  susceptible  of  ready  fossilization,  the  blastoids, 
and  even  these  were  foreshadowed  by  the  blastoidean  characters  of 
some  of  the  crinoids.    Of  all  these,  the  cystoids  v/ere  the  most  primi- 


FiG.  164. — Ordovician  Bryozoans.  a,  ConsteUaria  'polystomeUa  Whitfield;  6,  Crept" 
pora  hemispherica  Ulrich*  c-d,  Stomatopora  dehcatula  (James);  e-/,  Rhinidictya 
mutabilis  (Ulrich);  g-/i,  MorUiculipora  arborea  Ulrich;  i-/,  Callopora  pulcheUa 
I'lrich;  k,  Phylloporina  granistriata  Ulrich.  These  figures  represent  a  few  of 
the  almost  innumerable  forms  of  bryozoans  present  in  the  OrdoAician  faunas. 
At  times  they  contributed  a  large  portion  of  ^the  calcareous  matter  of  the 
limestones  and  calcareous  shales. 

tive  in  character  and  were  doubtless  most  nearly  like  the  parent  stem 
from  which  all  were  derived,  if  indeed  the  cystoids  were  not  the  ances- 
tral type.  The  irregular,  unsymmetrical  forms  of  the  cystoids  (Fig.  165, 
a-/)  were  gradually  replaced  by  the  more  symmetrical  and  better 
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organized  crinoids  (Fig.  165,  gf-n) .  Starfishes  and  serpent-stars  (Fig.  165, 
o  and  p)  are  familiar  modern  forms.  The  crinoids  may  be  likened 
to  starfishes  turned  face  uppermost  and  fixed  to  the  sea-bottom  by 
a  stem  attached  to  the  center  of  the  back.    The  body  was  gathered 


Fig.  165.— Ordovician  Echinoderms.     a, 
dodiscus   cincinnatiensis    (Roemer); 


Comarocystis  punctaius  Billings;  6,  Lepi- 
,  Pleurocystis  fUitexitis  Billings;  d,  Glyj^o- 
cystis  viuUiporus  Billings;  c,  Lepadoajstis  moorei  (Meek);  /,  Miiroajstis  mitra 
Barrande;  gr,  Archceocrinus  desidercdus  Billing;  A,  Glyptocrinus  decadactylus 
Hall;  I,  Dendrocriniis  pohjdacUjlua  (Shumard);  ;,  Anomalocrinus  incurvus  M.  and 
W.;  k,  Ectenocrinus  grandis  (Hall);  /,  locrinus  subcrassus  (M.  and  W.);  m,  Cara- 
bocrinus  vancortlandti  Billings;  n,  Ilybocrinus  tumidus  Billings;  o,  Tceniaater 
cylindricus  Billings;  p,  Palceaster  simplex  Millet  Figures  a,  6,  c,  d,  c,/  represent 
various  types  of  cystoids  from  the  Ordovician  faunas.  Figures  g,  A,  i,  ;',  ^^  /,  w, 
and  n  are  crinoids.  Tliese  cystoids  and  crinoids  constituted  by  far  the  greater 
element  in  the  echinoderm  fauna  of  the  Ordovician.  Figures  o  and  p  illustrate 
two  types  of  the  star-shaped  echinoderms  or  Asterozoa,  the  serpent  stars,  or  Ophiur- 
raidea^  o,  and  the  true  starfish,  or  Asteroidea,  p.     (Weller.) 


into  a  cup-like  form  composed  of  close-fitting  plates  arranged  in  pen- 
tamerous  ssmwnetry,  and  crowned  by  a  fringe  of  arms  variously  and 
often  elaborately  branched  (Fig.  165,  g-k).  The  upper  surface  of  the 
body  cavity  was  in  many  cases  closed  over  by  a  '^  vault  "  or  arch  formed 
of  similar  plates.    The  whole,  aptly  styled  the  calyx,  more  closely 
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resembled  a  flower  in  general  aspect  than  an  animal;  and  the  familar 
name  '^sea-lily''  is  not  inappropriate.  Clad  throughout  in  calcareous 
plates,  the  crinoids  were  excellent  subjects  of  fossilization  save  that 
after  the  binding  tissues  decayed,  the  constituent  plates  easily  fell 
apart  and  perfect  specimens  are  rare.  The  stem,  consisting  of  a  series 
of  disks  ("little  grindstones")  perforated  by  a  central  canal,  and  ren- 
dered flexible  by  a  minimum  of  integument,  was  disjointed  with  equal 
ease.    Limestone  is  sometimes  largely  made  up  of  crinoidal  fragments. 

The  structure  of  the  cystoids  (Fig.  165,  a-/)  was  very  similar  to 
that  of  the  crinoids,  but  the  body  was  unsymmetrical  both  in  form, 
and  in  the  arrangement  of  the  plates.  The  outline  of  the  cystoid 
was  sometimes  spheroidal  or  ovate,  sometimes  sac-like  or  club-shaped, 
sometimes  depressed  and  disk-shaped,  with  irregular  departures  from, 
all  these  forms.  A  part  or  all  of  the  plates  were  perforated  by  small 
pores  connected  with  internal  canals  supposed  to  be  concerned  in 
respiration,  this  being  perhaps  the  most  vital  ground  of  distinction 
from  the  crinoids,  which  do  not  usually  show  these.  The  arms  were 
few  and  irregular,  and  sometimes  wanting;  the  stem  usually  short 
and  tapering,  and  often  unattached. 

Very  little  can  be  said  regarding  the  evolution  of  the  cystoids,  for 
their  forms  are  so  heterogeneous  and  their  functions  so  little  knowii 
that  it  is  not  clear  what  constituted  progress,  and  besides,  they  were 
so  scantily  represented  in  the  preceding  period,  and  so  soon  dropjDod 
away  after  the  Ordovician,  that  an  insufficient  interval  for  comparison 
is  afforded.  The  rise  of  the  crinoids  and  the  displacement  of  the  cys- 
toids by  them  is  doubtless  to  be  regarded  as  a  phase  of  progress.  The 
two  classes  lived  in  comparative  abundance  through  the  Ordovician 
period,  and  on  into  the  Silurian,  but  by  the  close  of  the  latter  period 
the  cystoids  had  greatly  declmcd,  while  the  crinoids  were  in  the  height 
of  their  abundance. 

The  asteroids  and  ophiurians  (Fig.  165,  o  and  p)  were  not  abundant 
in  the  Ordovician,  their  chief  development  being  reached  much  later 
than  that  of  the  two  preceding  classes.  The  same  is  even  more  true 
of  the  echinoids,  which  are  barely  represented  in  the  strata  of  Europe. 

The  development  of  the  ccelenterates. — Corals  were  sparingly  pres- 
ent in  the  early  part  of  the  period,  increased  measurably  in  the  middle 
portion,  and  somewhat  more  markedly  toward  the  close,  but  thev 
were  not  at  any  time  a  very  prominent  factor  in  the  fauna.     For  the 
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greater  part  they  belonged  to  the  simpler  horn-shaped  type  (Fig.  166, 
a,  b,  and  c).  Compound  corals,  formed  by  colonies  of  polyps  living 
together,  were  present  (Fig.  166,  d  and  e)  and  rarely  formed  reefs. 
The  hydrozoan  branch  of  the  coelenterates  was  represented  by  Stroma- 
topora,  which  deposited  thin  films  of  calcium  carbonate  upon  one 
another  concentrically,  giving  rise  to  laminated  masses  somewhat 
resembling  concretions  and  often  distinguished  from  them  with  diffi- 
culty. 

Much  the  most  important  development  of  the  Coelenterates  was 
the  rise  of  the  graptolites,  whose  important  function  in  correlation  has 


Fig.  166. — Ordovician  Corals,  a-c,  Streptelasma  comiculum  Hall,  exterior  view  with 
longitudinal  and  transverse  sections,  showing  internal  characters,  d,  e,  Columnaria 
alveolata  Goldf.  While  both  simple  and  compound  corals  were  present  in  the 
Ordovician  faunas,  they  rarely  formed  great  reef-like  masses,  as  in  later  periods. 

already  been  discussed,  and  which  will  be  further  considered  presently. 
Some  of  the  typical  forms  are  illustrated  in  Fig.  167. 

Other  forms. — Sponges  were  present  and  sometimes  attained  nota- 
ble sizes,  but  they  played  only  a  small  part  in  the  fauna  (Fig.  168). 
Annelids  were  represented,  but  less  abundantly  than  in  the  Cambrian, 
perhaps  because  the  prevalently  muddy  and  calcareous  sea-bottom  of 
the  Ordovician  was  less  congenial  to  them  than  the  Cambrian  sands. 
They  are  represented  not  only  by  burrows,  but  by  teeth  (Fig.  169). 
Protozoans  were  probably  present,  but  their  minute  and  fragile  shells 
can  be  recognized  only  with  some  uncertainty. 

Implied  life. — If  here,  as  in  the  discussion  of  the  Cambrian  life,  we 
inquire  what  forms  other  than  those  fossilized  are  necessary  to  round 
out  a  rational  assemblage  of  life,  a  briefer  answer  may  be  given,  for  the 
Ordovician  fauna  was  a  nearer  approach  to  a  theoretically  complete 
assemblage.  A  vast  supply  of  unrecorded  vegetation  must  be  postulated 
as  a  food-supply,  as  before,  and  to  provide  a  complete  chain  of  food- 
supplies  for  each  one  of  the  whole  series  of  organisms  that  preyed  upon 
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one  another  in  succession,  from  the  plants  up  to  the  master  forms  of 
the  predaceous  animals,  there  must  doubtless  have  been  many  inter- 
mediate species  that  are  not  now  known.  The  defensive  investitures  of 
the  lower  forms,  not  fully  accounted  for  by  the  known  Cambrian  species, 
are  now  much  more  nearly  explained  by  the  prevalence  of  the  cephalo- 
pods  and  the  presence  of  fishes;  and  the  armorings  of  these  dominant 
forms  may  have  been  defensive  against  their  own  kind.  The  fact  that 
nearly  all  vegetal  and  animal  tissue  perished,  and  is  not  even  repre- 


FiG.  l&7 .—Ordovician  Graptolites.  a,  Dichograptus  octchrachiatus  (Hall);  6.  Di-pLo^ 
grajptiis  pristis  (Hall)  (restored  by  Ruedemann);  c,  Tetragraptus  higsbyi  (Hall); 
(d),  Dichograptus  logani  (Hall);  e.Climacograptus  bicomis  (Hall);  /,  Reteograptus 
eucharis  Hall;  g^  Didymograptris  nitidus  (Hall);  /i,  Tetragraptus  fnUicosus  (Hall); 
i,  Phyllograptua  Uicif alius  Hall;  /,  Phyllograptus  typus  Hall;  k,  Holograptus  rich- 
ardsoni  (Hall). 

sented  by  organic  deposits  save  in  exceptional  cases,  probably  signifies 
that  bacteria  and  allied  forms  that  are  concerned  in  the  decomposition 
of  tissue  were  present  in  abundance.  What  are  interpreted  as  fossil 
bacteria  are  found  a  little  later  in  some  of  the  earliest  vegetal  tissues 
that  are  well  preserved,  and  what  seem  to  be  the  characteristic  effects 
of  bacteria  on  the  tissues  are  also  then  recognized.  This  gives  support 
to  the  view  that  the  very  general  destruction  of  the  tissues  of  the  higher 
Ordovician  animals  and  plants  was  the  work  of  such  destructive  micro- 
organisms.   The  paucity  of  the  fossil  record  was  therefore  perhaps  as 
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much  or  more  due  to  these  as  to  unfavorable  physical  conditions. 
Rather  paradoxically  it  may  perhaps  be  said  that  the  very  scantiness 
of  life  relics  is  due  to  the  abundance  of  certain  forms  of  life. 


1>        -  e 

Fio.  168. — Ordavician  Sponges,  a,  Receftacvlites  occidentalis  Salter;  b,  Brachio- 
spongia  digitata  Beecher;  c,  Archceocyathits  minganensis  Billings;  d,  Str^t,- 
spongia  maculosa  U.  and  E.:  e,  Ischadites^  species  undetermined.  The  Recep- 
taculites  and  Ischadites  have  sometimes  been  regarded  as  giant  foraminifers. 

Ecological,  social,  and  mental  development. — It  is  not  necessary 
to  more  than  briefly  recur  to  the  ecological,  social,  and  psychological 
considerations  to  which  attention  was  called  in  the  discussion  of  the 
Cambrian  life,  for  they  remain  essentially  the  same,  save  that  the  ampler 

(^^     ^^r     «ss5j)     «^ 


vO? 


Fio.  109.— Ordavician  Annelids,  a,  ArabeUites  comuttis  Hinde;  5,  Glycerites  sul- 
catus  Hinde;  c,  Eunicites  gracilis  Hinde;  <f,  ArabeUites  oralis  Hinde;  e,  Euni- 
cites  varians  (Grinnell) ;  /,  Oenonites  rostratus  Hinde ;  g,  Ortonia  minor  Nicholson. 
Figures  a,  6,  c,  d,  e,  and  /  are  highly  magnified  illustrations  of  the  jaws  of  annelids. 
Figure  ^  is  an  example  of  the  calcareous  tubes  secreted  by  some  annelids  attached 
to  other  sheUs. 

development  and  better  preserv^ation  of  the  Ordovician  fauna  give 
greater  definiteness  to  the  problems  and  supply  more  data  for  their 
elucidation.  It  seems  clear  that  the  adaptation  of  the  various  forms  of 
life  to  one  another  and  to  their  physical  environment  had  reached  a 
higher  stage  of  adjustment,  indeed  a  degree  of  adjustment  not  very 
greatly  inferior  to  that  which  now  prevails  among  the  corresponding 
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orders;  and  it  is  not  improbable  that  the  mental  development  also 
approached  somewhat  nearly  to  that  now  possessed  by  correspondingly 
low  types.  Higher  biological  types  within  the  same  orders  have  cer- 
tainly been  developed  since  in  many  cases,  and  probably  higher  mental 
functions;  but  some  of  the  Ordovician  forms  have  since  suffered  bio- 
logical degeneration,  and  probably  also  mental  degeneration.  The 
Ordovician  ancestor  of  the  barnacle,  a  free-moving  active  form,  was 
doubtless  superior  to  his  sessile  descendant  of  ill-repute.  The  sum 
total  of  ecological  adaptation,  and  of  social  and  mental  development, 
however,  seems  to  have  advanced  with  each  era,  though  perhaps  not 
always  with  each  of  the  briefer  stages. 

The  Siuxession  of  Faunas. 

I.  The  Fauna  of  the  Calciferous. — The  Calciferous  in  its  typical  develop- 
ment, in  New  York  and  the  interior,  is  usually  very  poor  in  fossils,  and  these  are 
poorly  preserved.  It  is  therefore  difficult  to  find  species  that  have  a  wide  goo- 
graphical  range  and  yet  are  known  to  be  so  closely  confined  to  this  horizon  as 
to  be  characteristic  of  it.  Of  the  species  so  regarded  the  most  widely  avail- 
able is  the  gastropod,  Ophileta  complanata  (Fig.  161,  A;  and  l). 

Certain  genera  are  usually  present,  however,  in  most  faunas  of  this  age,  among 
which  may  be  mentioned  TrybUdium  and  Ecqfliomphalus  among  tTie  gastropods, 
Syntrophia  and  CamareUa  among  the  brachiopods,  Orthoceras  and  other  genera 
among  the  cephalopods,  and  Bathyuru^  among  the  trilobites. 

Doubtless  many  more  or  less  imperfectly  known  species  are  really  character- 
istic of  the  formation,  but  are  not  sufficiently  prevalent  and  well  preserved  to 
give  good  evidence  of  it.  Of  connecting  sj^ecies,  and  hence  not  characteristic 
ones,  there  is  a  small  list  of  which  some  range  below  and  some  above.  For  the 
greater  part,  the  fossils  are  so  sparse  and  so  imperfect  that  their  range  and  sig- 
nificance is  not  determinable.  In  the  Cham  plain  and  the  lower  St.  LawTence 
Valleys  where  the  formation  is  greatly  thickened  and  appears  to  be  less  sharply 
distinguished  from  the  formations  below  and  above,  a  more  ample  fauna  is  found, 
and  in  it  more  species  that  range  into  the  overlying  and  underlying  formations. 
Thirty-five  genera  and  one  hundred  species  are  announced  from  the  vicinity  of 
Lake  Champlain,  but  the  ranges  of  these  have  not  yet  been  determined.* 

In  the  shales  of  the  L^vis  formation  in  the  lower  St.  I^awrence  Valley  many 
graptolites  are  found.  These  belong  to  the  PhyUograptus  zone,  which  embraces 
the  subzones  of  Tetragrapliis  and  of  Didytnograptus  bifidiLsJ  They  represent 
a  horizon  corresponding  to  the  Arenig  of  Great  Britain.    The  Tetragraptus  is 

»  Brainard  and  Seeley,  Bull.  Geol.  See.  Am.,  Vol.  I,  1890,  pp.  501,  513;  Vol.  II, 
1891,  pp.  293,  300;  Whitfield,  ib.,  Vol.  I,  pp.  514,515. 

*  Lapworth,  Trans.  Roy.  See.  Can.,  1886;  also  Ann.  Rep.  Geol.  Surv.  Can.,  1877-88, 
Part  II,  p.  45K;   also  Ann.  Nat.  Hist.,  5th  Series,  Vol.  VI,  1880,  p.  197. 
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regarded  as  marking  the  lowest  horizon  of  the  Ordovician.  Of  the  graptolites 
illustrated  in  Fig.  157  those  designated  a,  c,  d,  g,  i,  /,  k,  and  I  belong  to  the  Phyl- 
lograptua  zone,  the  most  of  them  to  the  lower  subzone.  If  this  horizon  could 
be  traced  to  the  interior,  the  lower  limit  of  the  Ordovician  would  there  be  fixed 
on  excellent  paleontological  grounds  and  on  an  intercontinental  basis.  Unfor- 
tunately, the  correlation  of  the  graptolite-bearing  L^vis  beds  of  the  St.  Lawrence 
basin  with  beds  in  the  interior  is  attended  by  grave  difficulties  on  account  of 
the  contortion  and  faulting  the  L^vis  has  suffered,  and  the  absence  of  grapto- 
lites from  tj'pical  beds  of  the  interior.  The  correlation  has  therefore  been  the 
subject  of  much  difference  of  opinion.  There  appears  to  be  a  series  of  beds  of 
great  thickness  below  the  L^vis  that  is  referable  to  the  Calciferous,  which  implies 
that  the  graptolite  beds  are  not  as  old  as  the  oldest  Calciferous,  but  they  have 
nevertheless  usually  been  referred  to  the  Calciferous,  and  the  latter  placed  in 
the  Ordovician.  If,  however,  it  shall  ultimately  prove  that  the  Phyllograptus 
beds  lie  above  the  unconformity  at  the  summit  of  the  Calciferous  in  New  York 
and  its  equivalent  in  the  interior,  or  shall  be  found  to  represent  that  unconformity 
itself,  the  paleontological  and  the  physical  planes  of  division  will  be  brought 
into  harmony,  and  the  original  Calciferous  will  be  referable  to  the  Cambrian. 
There  are  graptolite  beds  in  Arkansas  and  Nevada  that  belong  to  the  same 
general  horizon  as  those  of  the  L6vis,  though  they  present  pecuharities,  but 
they  cannot  be  closely  correlated  stratigraphically  with  the  original  or  typical 
Calciferous. 

2,  The  Chazy  Fauna. — The  recorded  fauna  of  the  Chazy  is  much  more  ample 
than  that  of  the  Calciferous,  and  is  closely  related  to  the  Mid-Ordovician  fauna, 
of  which  it  was  an  immediate  forerunner  in  a  closer  and  more  obvious  sense  than 
was  the  Calciferous  fauna  a  forerunner  of  the  Chazy.  Maclurea  magna  is  regarded 
as  the  most  characteristic  fossil,  and  next  to  it  perhaps  is  Camarotcechia  plena. 
Other  fossils  regarded  as  essentially  characteristic  are  the  brachiopods,  Heber- 
tella  imperalor,  H.  costatis,  Dinorthis  platys,  Lingvla  lyeUi,  L.  huronensiSy  and 
Rhynchonella  orientalis;  the  gastropods,  Pleurotomaria  calyx ^  Metoptoma  duhia; 
the  pelecypod,  Modiolopsis  parviuscula;  the  corals,  Columnaria  incerta,  C.  parva, 
Streptelasma  expansum;  the  cystoids,  Malocystis  murchisonia,  PaloRocystis  tenuis 
radiaiua;  the  trilobites,  Batkyurus  angelini,  Amphion  canadense,  Amphyx  haUi, 
Harpes  antiqualus,  lUcenus  arcturus,  and  the  ostracode.  Leperditia  canadensis. 
Some  species  found  in  the  Chazy  range  upwards  into  the  Middle  Ordovician 
and  bind  the  Chazy  fauna  to  it,  and  a  few  range  down  into  the  Calciferous. 
The  Chazy  f-iuna  is  fairly  well  characterized  in  the  Champlain  and  St.  Lawrence 
Valleys,  but  in  the  interior  and  west  it  is  not  distinctly  differentiated,  but  appears 
to  be  lost  in  a  larger  assemblage  of  forms.  It  is  hence  inferred  that  it  came  in 
from  the  east  and  mingled  with  resident  forms.  Perhaps  it  developed  in  part 
in  the  St.  LawTence  embayment  before  it  was  united  with  the  interior  sea  after 
the  stage  of  separation  implied  by  the  inconformity  mentioned  above.  It  is 
there  that  it  has  its  closest  relations  to  the  Calciferous  fauna,  or  at  least  to  the 
eastern  phase  of  that  fauna. 

3.  The  liid-Ordoyician  Fauna. — While  the  special  group  of  forms  that  con- 
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stituted  the  Chazy  fauna  probably  came  into  the  great  interior  sea  of  Mid-Ordo- 
vician  times  from  the  eastward,  and  thus  contributed  to  its  fauna  by  immigra- 
tion, there  is  reason  to  think  that  other  species  had  developed  indig  nously  in 
the  southern  and  western  portions  of  that  sea,  and  that  still  others  came  in  from 
the  other  coast  regions  ^ith  which  connections  were  had.  In  the  G  eat  Basin, 
Upper  Cambrian  species  are  found  to  mingle  with  Ordovician  species  throu^ 
a  notable  vertical  range.  This  implies  that  the  transition  was  indigenous  there, 
and  that  the  sea  was  persistent.  It  seems  also  to  imply  either  that  the  Cam- 
brian fauna  was  prolonged  there  or  that  some  species  that  are  best  kno\ni  later 
in  the  Mississippi  basin  and  the  Atlantic  province  came  in  there  relatively  early; 
for  example,  Orthis  testudinaria,  which  abounds  in  the  Middle  and  Upper  Ordo- 
vician of  the  Mississippi  and  Atlantic  provinces  and  occurs  in  the  Llandeilo 
(Mid-Ordovician  of  Great  Britain),  is  found  associated  with  Dikellocephalus 
and  Ptychoparia  (Cambrian  genera)  in  Nevada.'  In  Tennessee  and  Kentucky 
there  was  a  long  period  preceding  the  climax  of  the  Mid-Ordovician  fauna,  during 
which  there  flourished  an  abundant  fauna  made  up  of  species  common  in  the 
interior  and  western  regions,  but  only  sparsely  represented  in  the  Chazy  horizon 
of  the  Champlain-St.  Lawrence  embayment.  These  and  similar  facts  warrant 
the  view,  which  is  to  be  held  merely  as  tentative  in  the  present  state  of  investi- 
gation, that  the  Mid-Ordovician  fauna  of  the  interior  is  to  be  regarded,  not  as 
the  simple  successor  of  the  Chazy  fauna,  or  of  any  single  earlier  faima,  but  as 
the  common  product  of  faunal  elements  derived  from  the  coast  regions  on  the 
various  sides  of  the  continent,  commingled  with  resident  forms  that  had  evolved 
from  the  Cambrian  fauna  in  the  interior  sea.  This  interior  sea  was  much 
contracted  on  the  north  and  east  at  the  close  of  the  Calcife  ous  stage,  but  does 
not  appear  to  have  been  wholly  withdrawn.  The  contraction  doubtless  led  to 
provincial  evolution  in  the  residual,  more  or  less  dissevered  portions;  but  with 
the  readvance  of  the  sea  that  took  place  at  the  beginning  of  the  Mid-Ordovician, 
the  subfaunas  so  developed,  commingled,  and  a  common  evolution  took  place. 
This  Mid-Ordovician  fauna  is  therefore  only  locally  and  partially  to  be  regarded 
as  the  successor  of  the  distinctive  Chazy  fauna  or  of  any  other  invading  fauna. 
The  Mid-Ordovician  fauna  was  very  prolific,  and  it  is  made  to  seem  singu- 
larly so  by  contrast  with  the  scantiness  of  the  Calciferous  fauna.  It  is  not  to 
be  characterized  by  a  few  species,  as  in  the  preceding  cases,  but  rather  by  the 
greatness,  variety,  and  cosmopolitan  character  of  its  assemblage  of  thousands 
of  species  from  various  outside  and  inside  sources  of  derivation.  Its  nature 
may  be  gathered  by  reviewing  the  forms  illustrated  in  Figs.  157-169  inclusive, 
omitting  the  graptolitcs,  a  portion  of  the  bryozoans,  and  a  few  other  species 
specially  mentioned  under  the  other  Ordovician  faunas.  The  general  aspect  of 
these  groups,  when  commingled,  gives  the  general  aspect  of  the  Mid-Ordovician 
fauna.  Locally  there  were  modifications,  such  as  gave  rise  to  the  Birdseye, 
Black  River,  Galena,  and  other  special  subfaunas  of  more  or  less  local  impor- 
tance.   There  were  also  stages  of  progress  common  to  wide  areas  that  were  marked 

»  Walcott,  Pal.  Eureka  Dist.  Mon.,  VIII,  U.  S.  Geol.  Surv.,  1884,  p.  1. 
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by  the  incoming  or  outgoing  of  particular  species  or  groups  of  species.  These 
represent  the  evolution  of  the  fauna  in  a  broader  sense.  For  the  greater  part 
these  stages  are  yet  to  be  worked  out  into  precision  and  detail,  though  clearly 
recognizable  in  general  terms. 

4.  The  Upper  OrdoTician  Fauna. — The  closing  faima  of  the  Ordovician  in 
North  America  retained  most  of  the  characteristics  of  the  Middle  fauna,  from 
which  it  was  directly  descended  without  radical  modification  due  to  interruption 
of  the  controlling  conditions.  The  chief  change  in  the  physical  influences  lay 
in  an  increased  prevalence  of  silt  sedimentation  and  in  the  shallowing  and  final 
withdrawal  of  the  great  epicontinental  seas.  With  the  development  of  the  silt 
sedimentation  there  came  a  very  notable  increase,  relatively  at  least,  in  the 
bryozoans  (Fig.  161,  a  and  6)  and  of  the  graptohtes  (Fig.  167,  b,  e,  and  /).  The 
pelecj'pods  were  favored  by  the  mud  bottoms  and  became  proUfic.  More  than 
eighty  species  have  been  identified  in  a  hmited  district  in  southern  Ohio  and 
Indiana.*  There  was  a  relative  dechne  in  the  nmnber  of  gastropods,  cephalopods^ 
and  trilobites,  and,  in  general,  the  fauna  was  perhaps  less  prolific;  at  least  this 
appears  to  be  so  from  the  larger  proportion  of  matter  of  inorganic  derivation 
to  that  of  organic  derivation. 

The  closing  phase  of  the  Upper  Ordovician  was  the  withdrawal  of  the  fauna 
of  the  interior  as  a  necessary  attendant  of  the  withdrawal  of  the  interior  sea. 
The  succeeding  faima  contained  an  almost  entirely  new  assemblage  of  species^ 
though  many  of  the  genera  remained  the  same.  In  the  St.  Lawrence  embay- 
ment,  the  Ordovician  fauna  lingered  longer  and  was  gradually  changed  into 
or  replaced  by  the  Silurian  fauna.  Probably  the  same  was  true  in  other  embay- 
ments  on  the  border  of  the  continent  and  along  its  coast  generally. 

The  Ordovician  Fauna  of  Other  Continents. 

Much  the  same  general  lines  of  progress  were  followed  on  other  continents^ 
and  the  general  aspects  of  the  successive  subfaunas  were  much  like  those  of 
the  American  continent.  Usually  the  genera  were  the  same,  but  the  species 
as  a  rule  were  different,  though  they  often  bore  a  close  resemblance  to  the  Ameri- 
can species.  In  northwestern  Europe,  with  which  the  means  of  migratory  com- 
munication seem  to  have  been  the  freest,  not  a  few  common  American  species 
flourished,  such  as  DalmaneUa  testvdinaria,  Platystrophia  biforata,  Dinorihis 
porcataf  Leptoma  rhomhoiddlis,  Pledambonites  sericeus,  Halycites  catenulaius,  and 
Trinucleus  concentricus.  In  Asia,  so  far  as  present  limited  information  goes, 
the  sjx?cies  were  nearly  all  different,  the  wide-ranging  graptolitcs  excepted,  thou  .!i 
Halycites  ccUenulatus  and  Plectambonites  sericetLS  are  found  in  China.  The  stages 
of  progress  in  the  shallow-water  faunas  of  the  Old  and  New  World  are  to  be 
regarded  rather  as  parallel  than  as  identical.  The  evolution  in  Europe,  where 
alone  details  have  been  well  worked  out,  was  usually  on  less  broad  lines  than 
that  of  the  American  interior,  for  the  obvious  reason  that  the  epicontinental 
seas  were  more  limited  and  more  interrupted  by  barriers. 

» Ubich,  Geol.  Surv.  Ohio,  Vol.  VII,  1893,  pp.  626-693. 


CHAPTER  VII. 

THE   SILURIAN  (UPPER  SILURIAN)  »   PERIOD. 

Formations  and  Physical  History. 

The  physical  changes  which  brought  the  Ordovician  period  to  a 
close  marked  also  the  inauguration  of  the  Silurian.  These  changes, 
it  will  be  recalled,  involved  (1)  movements  which  affected  small  areas 
intensely  (orogenic),  and  (2)  movements  which  affected  broad  areas 
slightly  (epeirogenic).  From  the  standpoint  of  continental  history, 
the  gentler  movements  were  the  more  significant,  since  they  affected 
larger  areas.  It  is  not  to  be  imderstood  that  these  changes,  whether 
orogenic  or  epeirogenic,  were  sudden  or  violent.  Rather  is  it  to  be 
supposed  that  the  formation  of  mountains  and  the  emergence  of  large 
parts  of  the  North  American  continent  from  the  epicontinental  sea 
which  had  covered  it  during  the  Ordovician  period,  occupied  a  con- 
siderable interval  of  time,  including  the  later  part  of  the  Ordovician 
and  the  early  part  of  the  Silurian.  After  these  changes  had  taken 
place,  the  area  of  land  shown  in  Fig.  129  was  greatly  enlarged,  was 
indeed  more  considerable  than  at  any  previous  time  since  the  early 
Cambrian  (see  Fig.  90,  p.  220).  With  the  increase  in  the  area  of  land 
<jame  lengthened  streams,  and  presumably  increased  erosion,  though 
the  land  areas  were  probably  not  of  sufficient  extent  to  give  rise  to 
streams  equal  in  size  to  the  largest  of  those  of  the  present  time. 

Could  the  relations  of  land  and  water  at  the  beginnmg  of  the  Silurian 
be  accurately  defined,  their  statement  would  at  the  same  time  define 
in  a  general  way  the  areas  where  the  earliest  sedimentation  took  place. 
Not  only  this,  but  it  would  also  define  in  a  general  way  the  areas  where 
sedimentation  was  rapid  and  where  slow,  for  then,  as  always,  such 
areas  must  have  stood  in  more  or  less  definite  relation  to  the  shores 
of  the  oceans.    It  is  safe  to  assume  that  at  the  opening  of  the  Silurian 

*  When  the  name  Lower  Silurian  is  used  instead  of  Ordovician,  Upper  Silurian 
is  used  in  place  of  Silurian,  as  that  term  is  here  used. 

368 


THE  SILURIAN  PERIOD. 


369 


370 


GEOLOGY. 


period  beds  of  clastic  sediments  were  accumulating  about  the  imme- 
diate borders  of  the  lands,  and  as  far  out  as  waves  and  currents  were 
able  to  transport  abimdant  detritus  from  the  land,  and  that  elsewhere 
sediments  of  organic  origin  were  relatively  more  important.  Though 
sedimentation  was  interrupted  in  the  regions  which  emerged  from 
the  sea  during  the  transition  from  the  Ordovician  period  to  the  Silurian, 
it  must  be  assumed  that  such  interruption  was  not  universal,  and  that 
where  it  did  not  take  place,  the  Silurian  strata  are  conformable  on 
the  Ordovician.  It  may  be  assumed  further  that  at  each  stage  of 
the  Silurian  period,  the  exposed  portions  of  each  older  formation  were 
contributing  to  the  system  then  in  process  of  formation.  The  areas 
of  sedimentation  at  any  particular  stage  of  the  Silurian  cannot  now 
be  determined  by  the  geography  of  that  stage;  rather  is  the  geography 
of  the  successive  stages  of  the  period  determinable  in  some  measure 
by  the  successive  areas  of  sedimentation. 


Subdivisions  of  the  Silurian  System. 

The  Silurian  system  of  rocks  is  divided  into  a  number  of  formations 
or  series  of  formations.  The  principal  subdivisions  which  have  been 
commonly  recognized  in  America  are  given  below. 

The  Helderberg  series,  though  sometimes  classed  as  Silurian,  is 
here  classed  with  the  next  later  (Devonian)  system. 

[(Lower)  Helderberg?] 
5.  Salina 
4.  Niagara 
3.  Clinton 
2.  Medina 
1.  Oneida 

In  place  of  the  above  classification,  the  following  has  recently  been 
proposed  for  New  York :  ^ 


Ontario  ' 

or 
Siluric 


Cayugan 
Neontaric 


Niagaran 
(Mesontaric) 


Oswegan 
(Paleontaric 


Manlius  limestone 
Rondout  waterlime 
Cobleskill  limestone 
Salina  beds 
Guelph  dolomite 
Jjockport  limestone 
Rochester  shale 
Clinton  beds 
Medina  sandstone 
Oneida  conglomerate 
Shawangunk  grit 


»  aark  and  Schuchert,  Science,  Vol.  X,  1898,  p.  876.  and  Am.  Geo!.,  Vol.  XXV, 
1900.     Slightly  modified  by  Hartnagel,  N.  Y.  State  Mus.  Bull.  69,  1903,  p.  1160. 
^  The  term  Ontaric  was  first  used  in  this  sense  by  Emmons  (Agr.  of  N.  Y.,  VqL  I, 
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The  principal  subdivisions  of  this  classification,  modified  as  below, 
will  be  followed: 


Silurian 


Cayugan 

(Neo-  or  Upper  Silurian) 
Niagaran 

(Meso-  or  Middle  Silurian) 
Oswegan 

(Paleo-  or  Lower  Silurian) 


In  this  case  there  is  some  objection  to  the  use  of  the  terms  Lower, 
Middle,  and  Upper  Silurian,  since  Lower  Silurian  has  been  used  as  a 
sjTionym  for  Ordovician,  and  Upper  Silurian  for  Silurian,  as  that  term 
is  here  employed.  The  subdivisions  in  the  third  column  of  the  above 
table  (p.  370)  are  to  be  accepted  for  New  York,  but  are  not  all 
applicable  to  other  regions. 

A  brief  sketch  of  the  nature  and  distribution  of  these  principal 
subdivisions  of  the  system  will  throw  much  light  on  the  history  of 
the  continent  during  the  Silurian  period. 

The  Oswegan  Series. 

The  Oneida  formation. — The  lowest  and  therefore  the  oldest  for- 
mation of  the  Silurian  system  is  the  Oneida.  It  appears  at  the  surface 
at  various  points  in  the  Appalachian  belt  south  of  the  Shawangimk 
(pronounced  Shongum)  mountains  (N.  Y.),  though  different  names 
are  applied  to  it  in  different  regions,  and  it  is  not  everywhere  separated 
from  the  succeeding  Medina.  To  the  south,  the  formation  seems 
to  be  restricted  to  the  western  part  of  the  Appalachian  system.  Since 
the  formation  appears  to  rest  conformably  on  the  Ordovician,  it  is 
inferred  that  sedimentation  was  not  interrupted,  in  the  region  where 
the  formation  occurs,  during  the  transition  from  the  Ordovician  period 
to  the  Silurian. 

The  Oneida  formation  of  the  Appalachian  belt  is  not  known  to 
extend  west  of  the  mountains,  and  it  is  now  believed  to  have  been 
acciffliulated  in  a  narrow  basin  within  the  present  Appalachian  belt, 
completely  shut  off  from  the  great  interior  (see  Fig.  182,  p.  390).  It 
is  not  known  whether  the  area  where  it  occurs  was  submerged,  or 
whether  it  was  the  site  of  subaerial  deposition.  The  fact  that  the 
formation  is  without  fossils  lends  color  to  the  view  that  its  sediments 

pp.  141-152),  in  1846.    It  had  been  used  earlier  in  a  more  restricted  sense  (Mather,  Nat. 
Hiflt.  of  N.  Y.,  Pt.  IV,  pp.  353^. 
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were  deposited  on  land,  or  in  an  enclosed  body  of  water  not  freely- 
connected  with  the  sea.  On  the  other  hand,  the  materials  of  some 
parts  of  the  formation  are  so  perfectly  assorted,  and  the  pebbles 
so  thoroughly  rounded,  as  to  suggest  wave  rather  than  stream  work. 
If  the  formation  is  of  marine  origin,  the  coarseness  of  the  sediments 
may  help  to  explain  the  absence  of  fossils,  for  where  coarse  sediments 
are  gathering,  shells  are  more  likely  to  be  destroyed,  and  so  far  as 
they  are  buried,  they  are  likely  to  be  dissolved  at  a  later  time  because 
of  the  free  circulation  of  water  through  the  porous  beds. 

South  of  Lake  Ontario  there  are  beds  which  have  been  classed  as 
Oneida.  They  are  fossiliferous  and  clearly  associated  with  the  Medina 
formation  of  the  region.  They  are  believed  to  have  been  deposited 
in  waters  which  were  separated  from  the  Appalachian  basin  already 
referred  to.  The  term  Shawangunk,  applied  to  the  eastern  beds,  is 
not  applied  to  the  more  westerly  ones. 

The  Shawangunk  (or  eastern  Oneida)  formation  is  about  500  feet 
(maximum)  thick  in  New  York,  and  800  feet  in  Pennsylvania.  Both 
in  its  constitution  and  structure  it  bears  the  marks  of  shallow  water 
(or  subaerial)  deposit,  being  chiefly  of  sandstone  and  conglomerate, 
often  cross-bedded  and  ripple-marked.  The  materials  of  the  forma- 
tion seem  to  have  been  derived  from  older  lands  to  the  east.  They 
are  essentially  quart zose,  and  represent  the  products  of  rock  decay 
rather  than  of  rock  breaking.  The  abundance  of  quartz  pebbles  sug- 
gests that  the  metamorphic  rocks  of  Appalachia  had  long  been  under- 
going decay  before  the  advent  of  the  Oneida  epoch,  but  that  the  land 
surface  had  stood  so  low  as  not  to  allow  of  the  removal  of  the  coarser 
products  of  decomposition.  If,  following  such  a  period,  the  land 
were  elevated,  rejuvenating  the  streams,  such  material  as  that  of 
which  the  Oneida  formation  is  composed  would  have  been  w^ashed 
down  to  the  sea  or  to  low-lying  lands.  The  character  of  the  Ordo- 
vician  beds  (limestone  and  fine  sediments)  hi  the  region  of  the  Oneida 
formation  is  consistent  with  the  sequence  of  events  here  suggested. 

The  Oneida  formation,  composed  at  the  outset  of  durable  materials, 
has  been  so  thoroughly  indurated  by  compression  and  cementation  as 
to  become  exceedingly  obdurate.  The  outcropping  edges  of  its  tilted 
beds  (Fig.  171)  constitute  the  crest  of  the  Kittatinny  range  in  New 
York,  New  Jersey,  and  Pennsylvania  (Fig.  172).  Not  only  does  the 
Oneida  conglomerate  constitute  the  crest  of  this  range,  but  the  range 
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owes  its  existence  to  the  obduracy  of  this  rock,  which  successfully 
withstood  erosion  while  the  less  resistant  formations  to  the  east  and 
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Fia.  171. — A  section  across  the  Kittatinny  Mountain  in  northwestern  New  Jersey. 
Length  of  the  section,  about  five  miles;  vertical  scale,  nearly  twice  the  horizontal; 
angle  of  dip,  approximately  doubled.  3=Poxino  Island  shale;  4  =  Bossard ville 
limestone;  5=  Decker  Ferry  beds;  6=Manlius  limestone  and  Rondout  limestone; 
7  =  Coeyman  limestone;  8  — Becraft  limestone,  New  Scotland  bedbs,  and  Storm- 
ville  sandstone. 

west  were  carried  away.    The  same  formation  (the  Green  Pond  Moun- 
tain conglomerate)  appears  also  in  the  Green  Pond  mountain  of  New 


Fig.  172. — ^The  Delaware  Water  Gap.  The  crest  of  the  mountain  ran^e  seen  in  the 
background  is  the  crest  of  the  Kittatinny  range  made  by  the  resistant  Oneida 
conglomerate. 

Jersey,  and  in  its  northward  continuation  in  New  York.  The  outcrop 
of  the  Oneida  is  also  conspicuous  farther  south,  and  for  the  same  reason. 
The  Medina  formation.  —  The  Medina  formation,  consisting  of 
sandstone  and  shale  (including  the  Longwood  shale  of  the  Green  Pond 
Mountain  region),  overlies  the  Oneida.     Its  materials,   like  those  of 
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the  Oneida,  appear  to  have  been  accumulated  in  shallow  water,  or 
possibly  on  land.  This  is  shown  by  the  cross-bedding,  the  ripple- 
marks,  etc.,  which  affect  the  surfaces  of  its  layers.  In  view  of  these 
facts,  and  in  view  of  the  physical  similarity  of  the  two  formations  and 
of  the  conformity  of  the  younger  on  the  older,  it  is  inferred  that  the 
deposits  of  the  Medina  stage  followed  those  of  the  Oneida  without 
interruption  where  both  formations  are  present.  Like  the  eastern 
Oneida,  the  eastern  (Appalachian)  Medina  seems  to  have  been  deposited 
in  a  basin  which  had  no  connection  with  the  interior.  Beds  classed  as 
Medina  are  also  found  south  of  Lake  Ontario,  where  they  overlie  the 
Oneida  of  the  same  region.  They  appear  at  the  surface  as  far  west  as 
eastern  Ohio  and  Ontario,  where  they  thin  out  and  disappear.  West 
of  this  longitude,  the  formation  has  not  been  identified. 

The  Oneida  and  Medina  formations  south  of  Lake  Ontario  contain 
marine  fossils,  showing  that  an  interior  sea  existed  in  this  region  in 
early  Silurian  time.  The  distribution  of  the  two  formations  indicates 
a  more  extended  sea  in  the  later  than  in  the  earlier  epoch,  and  points 
to  a  subsidence  of  the  eastern  interior  during  the  early  part  of  the 
Silurian  period.  By  the  close  of  the  Medina  epoch,  as  the  distribution 
of  the  Medina  formation  shows,  the  area  of  deposition  had  been  extended 
at  least  as  far  west  as  Ohio  (the  Cincinnati  arch). 

The  Medina  formation,  which  has  but  a  narrow  outcrop  in  northern 
New  York,  is  probably  continuous  beneath  younger  strata  over  most 
of  the  state  south  of  Lake  Ontario  and  the  Mohawk  valley,  and  west  of 
the  Appalachian  basin,  and  farther  south  over  considerable  areas  west 
of  the  Appalachians.  Nothing  is  known  of  the  sediments  which  must 
have  been  accumulating  along  the  eastern  border  of  Appalachia,  nor 
of  those  about  the  other  land  areas  of  the  time.  Though  the  Oneida 
and  Medina  formations  are  unknown  both  in  the  interior  west  of  Ohio 
and  in  the  western  part  of  the  continent,  it  is  possible  that  strata 
which  are  their  time-equivalents  exist  in  some  parts  of  this  vast  ter- 
ritory. If  they  anywhere  appear  at  the  surface,  they  have  not  been 
identified. 

In  Pennsylvania,  the  eastern  (Appalachian)  Medina  formation  has 
a  maximum  thickness  of  something  like  1800  feet.  This,  it  is  to  be 
remembered,  was  near  a  great  land-area  to  the  east  whence  the  sedi- 
ments were  doubtless  derived.  West  of  the  Appalachian  belt  the 
formation  is  much  thinner,  having  in  Ontario  a  thickness  of  300  to  400 
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feet.  The  material  for  that  part  of  the  formation  which  Ues  in  northern 
New  York  and  Ontario  probably  came  from  the  north.  The  lesser 
thickness  of  the  formation  in  this  region,  as  compared  with  that  of 
Pennsylvania,  suggests  either  that  the  rate  of  accumulation  was  slower, 
or  that  the  formation  in  Ontario  does  not  represent  the  full  series  of 
beds  belonging  to  the  epoch. 

The  Niagaran  Series. 

The  Clinton  formation. — The  formation  next  younger  than  the 
Medina  is  known  as  the  Clinton  formation.  Where  the  younger  formar 
tion  overlies  the  older  they  are  generally  conformable,  but  the  distri- 
bution of  the  two  is  so  different  as  to  indicate  that  geographic  changes 
of  importance  were  in  progress  as  the  Silurian  period  advanced.  The 
Clinton  formation  extends  farther  east  and  farther  west  than  the  Medina, 
indicating  an  expansion  of  the  eastern  interior  sea  in  both  directions. 
To  the  westward  the  Clinton  extends  to  Lake  Huron  and  Indiana,  and 
perhaps  to  northern  Illinois  and  eastern  Wisconsin,  and  even  to  north- 
eastern Missouri.  If  it  extends  so  far  west,  it  is  made  up  of  beds  which 
have  usually  been  classed  as  Niagara.  It  is  not  known  whether  the 
Cincinnati  arch  was  submerged  at  this  time,  or  whether  it  was  an  island 
in  the  Clinton  sea.  Southern  Indiana  and  southern  Illinois  seem  not 
to  have  been  submerged.  The  Clinton  formation  also  occurs  in  the 
Appalachian  moimtains  as  far  south  as  Alabama  and  Georgia.  It 
seems  probable  from  the  evidence  now  in  hand  that  the  elongate  basin 
in  which  the  sediments  of  the  Clinton  formation  of  this  mountain  belt 
accumulated  was  separated  from  the  interior  sea,  or  at  least  not  freely 
connected  with  it.  This  inference  is  based  chiefly  on  the  dissimilarity 
of  the  faunas  of  the  beds  classed  as  Clinton  in  the  Appalachian  belt  and 
in  the  interior. 

Sedimentary  beds  which  are  believed  to  belong  to  the  Clinton  epoch 
have  been  recognized  in  Nova  Scotia  (a  part  of  the  Anticosti  series)  and 
at  a  few  other  places  northeast  of  the  United  States.  In  this  region 
marine  sedimentation  was  probably  continuous  through  the  Ordovician 
and  Silurian  periods,  and  the  correlation  of  the  strata  with  those  of 
the  interior  is  attended  with  difficulty  and  imcertainty.  The  materials 
for  these  beds,  so  far  as  clastic,  were  probably  derived  from  land  to  the 
west. 
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The  variations  in  the  character  of  the  Clinton  beds  in  different 
localities  are  not  without  significance.  In  the  Appalachian  mountains, 
the  Clinton  sediments  were  largely  sand  and  mud,  now  in  the  condition 
of  sandstone  and  shale.  In  western  New  York  and  beyond,  much  of 
the  formation  is  limestone,  showing  that  the  seas  of  that  region  were 
relatively  clear,  and  that  organic  sediments  predominated  over  clastic. 
Bryozoan  reefs,  resembling  coral  reefs,  occur  in  this  formation  in  west- 
em  New  York.^    The  limestone  does  not  mean  that  the  water  was  neces- 


Fio.  173. — ^The   Clinton   formation   with   Niagara  overlying.     Howe's  Cave,   N.    Y. 

(Darton,  U.  S.  Geol.  Surv.) 

sarily  deep,  but  rather  that  the  water  in  which  it  was  deposited  was  so 
nearly  free  from  clastic  sediments  that  the  shells,  etc.,  constituted  the 
principal  part  of  the  deposit  made.  Shell-bearing  life  may  be  just  as 
abundant  where  sand  and  mud  are  accumulating  as  elsewhere,  but  in 
this  case  the  product  is  not  limestone,  but  sandstone,  shale,  etc.,  con- 
taining shells. 

»  Sarle.  Am.  Geol.,  Vol.  28,  p.  282. 
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One  of  the  notable  features  of  the  Clinton  formation  is  the  presence 
in  it  at  many  points  of  iron  ore.  Chemically,  the  ore  is  generally 
in  the  form  of  hematite.  Physically,  it  is  often  made  up  of  small 
concretions  which  so  resemble  flaxseed  in  size  and  shape  as  to  have 
suggested  the  name  ^'  flaxseed  "  ore.  Locally  it  is  known  also  as ''  fossil" 
ore  from  the  abundance  of  fossils  which  it  contains.  The  ore  is  known 
at  many  points  between  New  York  and  Alabama,^  as  far  west  as  Wis- 
consin 2  (where  it  is  the  only  representative  of  the  formation  which 
has  been  commonly  recognized),  and  as  far  northeast  as  Nova  Scotia: 
The  ore  beds  are  interstratified  with  other  beds  of  the  formation,  and 
are  usually  believed  to  have  been  accumulated  by  chemical  precipi- 
tation in  marshy  flats.  Since  the  iron  compounds  in  solution  in  the 
water  were  derived  from  rock  formations  in  process  of  decay,  the 
extraction  of  these  compounds  being  itself  one  of  the  elements  of  decay, 
the  iron  ore,  as  well  as  the  other  beds  of  sedimentary  rock,  had  its 
origin  in  the  decay  of  the  older  formations.  The  iron  was  probably 
deposited  in  the  form  of  limonite  (2Fe203,  3H2O)  or  of  iron  carbonate 
(FeCOs),  and  subsequently  changed  into  its  present  form  (Fe203). 
This  is  the  fourth  series  in  America  which  contains  a  large  amoimt 
of  iron  ore,  the  first,  second,  and  third  being  in  the  Archeozoic,  the 
Huronian,  and  Animikean  respectively.  Like  the  Clinton  iron  ore 
of  Wisconsin,  the  manganese  ore  deposits  ^  of  Arkansas  lie  at  the 
base  of  the  Silurian  system  in  that  region,  and  the  two  classes  of  ore 
may  have  had  a  somewhat  similar  origin. 

The  Clinton  formation  has  a  thickness  of  900  or  1000  feet  in  Penn- 
sylvania, of  800  in  Virginia,  and  of  200  or  300  feet  in  eastern  Tennessee 
and  Kentucky.    In  the  eastern  interior,  the  formation  is  much  thinner. 

Like  the  Oneida  and  Medina  formations  which  preceded,  the  Clin- 
ton beds  have  not  been  identified  in  the  western  half  of  the  continent. 

The  Niagara  formation. — The  Clinton  formation  of  the  interior 
was  succeeded  by  the  Niagara  (Rochester  shale,  Lockport  limestone, 
and  Guelph  dolomite  of  New  York;  see  p.  370),  which  extends  some- 
what farther  west  than  any  of  the  preceding  Silurian  formations,  show- 
ing that  the  submergence  of  the  earlier  epochs  still  continued  in  the 
Upper   Mississippi   basin.    The   Niagara   formation   covers   not   only 

*  See  geological  reports  of  the  several  States;    also  Jour.  Geol.,  Vol.  IX,  p.  412. 
»  GeoL  of  Wisconsin,  Vol.  I,  1881. 

•  Penrose,  Geol.  Surv.  of  Arkansas,  Vol.  I  of  the  Ann.  Rept.  for  1890. 
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much  of  New  York,  Ontario,  and  Ohio,  but  also  all  or  nearly  all  the 
southern  peninsula  of  Michigan,  much  of  Indiana  and  Illinois,  and 
parts  of  Wisconsin  and  Iowa.  North  of  Missouri,  it  is  not  known  to 
occur  far  west  of  the  Mississippi.  It  was  formerly  supposed  to  be 
present  in  the  Black  Hills  of  South  Dakota,  but  this  correlation  seems 
to  be  doubtful.!  It  may  yet  be  found  where  it  has  not  been  recog- 
nized, or  where  its  identification  has  not  been  placed  beyond  question. 
The  formation  probably  never  extended  east  over  the  Cincinnati  arch 
or  the  similar  Nashville  dome  to  the  south,  though  it  extended  east 
between  them.  To  the  westward  it  extended  beyond  the  Mississippi 
into  eastern  Missouri,  Arkansas,  and  perhaps  even  to  the  Arbuckle 
mountains  in  Indian  Territory.  It  was  in  this  epoch,  as  the  relations 
of  the  next  succeeding  formation  show,  that  the  submergence  which  had 
been  in  progress  since  the  beginning  of  the  Silurian  period,  reached 
its  maximum  in  the  upper  Mississippi  basin.  In  the  southeastern 
part  of  the  same  basin,  the  sea  of  the  Niagara  epoch  was  probably 
more  restricted  than  that  of  an  earlier  time. 

The  southern  border  of  the  interior  sea  is  not  known,  but  it  appears 
not  to  have  been  connected  with  the  ocean  in  this  direction.  The 
land  barrier  which  limited  it  on  the  south  appears  to  have  been  in 
the  position  of  the  Gulf  States.  These  general  facts  are  expressed 
on  the  map.  Fig.  174. 

Beds  of  sedimentary  rock  contemporaneous  with  the  Niagara  of 
the  interior  may  exist  in  the  northern  part  of  the  Appalachian  belt, 
but  their  faunas  are  so  tmlike*  those  of  the  Niagara  of  the  Mississippi 
basin  as  to  indicate  the  continued  separation  of  the  Appalachian  basin 
from  the  interior.  Because  of  these  conditions,  exact  correlations 
between  the  second  group  of  the  Middle  Silurian  series  (p.  371)  of  the 
interior,  and  the  corresponding  beds  of  the  Appalachian  trough,  have 
not  been  made.^  The  upper  part  of  the  Niagaran  series  (above  the 
Clinton)  is  believed  to  be  absent  from  the  southern  Appalachians,  the 
region  where  most  of  the  preceding  formations  of  this  period  and  of 
the  Ordovician  are  well  represented.  Their  absence  from  this  region 
appears  to  mean  that  the  shore  of  the  interior  sea  was  temporarily 
shifted  to  the  west,  either  because  of  crustal  movements  which  caused 

»  Beecher.  Am.  Geol.,  Vol.  XVIII,  p.  31. 

*  Weller,  Kept,  on  the  Paleozoic  Paleontology  of  New  Jersey,  Geol.  Surv.  of  X.  J. 
1903. 
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Fio   174.-Map  showing  the  outcrops  of  the  Niagara  formation^  and  at  the  same  t 
the  general  relationl  of  land  and  water  d^rmg  the  ^^aff^JP^t^ij^  S>  n   5 
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the  land  to  emerge,  or  because  the  sea-bottom  had  been  converted 
into  land  by  aggradation. 

A  significant  feature  of  the  distribution  of  the  Niagara  formation 
to  be  associated  with  its  distribution  in  the  interior  of  the  continent 
is  its  great  development  in  high  latitudes.  It  occurs  in  Manitoba, 
and  from  here  probably  extends  down  into  Minnesota.  While  this 
area  of  Niagara  is  not  known  to  be  connected  with  that  of  Iowa  and 
Illinois,  such  connection  is  probable,  being  now  obscured  by  the  heaw 
body  of  drift  which  covers  most  of  Minnesota.  The  Niagara  forma- 
tion is  also  present  west  of  Hudson  Bay,  and  over  numerous  large 
and  small  areas  on  the  continent  and  on  islands  between  the  parallels 
of  60°  and  76°.  It  is  also  present  in  Grinnell  Land  and  Greenland  in 
latitude  80°. 

The  isolated  areas  of  the  Niagara  formation  in  these  northern 
regions  appear  to  be  remnants  of  a  once  continuous  body.  This 
inference  is  rendered  probable  by  the  similarity  of  the  fossils  through- 


FiG.  175. — Contact  of  the  Niagara  limestone  and  the  Maquoketa  (Hudson  River 
shale)  in  northeastern  Iowa.  The  view  illustrates  the  effect  of  inequalities  of 
hardness  on  topography.  The  cultivated  surface  with  the  gentle  slope  is  under- 
lajn  by  Hudson  River  shale;  the  wooded  slopes  above  are  the  escarpment  of 
Niagara  limestone.     (Calvin,  Iowa  Geol.  Surv.) 

out  the  northern  area.  From  the  same  line  of  evidence,  it  is  inferred 
that  there  was  shallow  water  connection  between  the  Mississippi  basin 
and  northern  Europe  by  way  of  the  arctic  islands,  a  connection  which 
permitted  the  intermigration  of  the  shallow-water  animals  of  the  two 
regions. 

Between  the  northern  areas  of  exposed  Niagaran,  older  formations 
from  which  the  Niagara  has  been  removed  are  exposed.  In  the  United 
States,  on  the  other  hand,  the  more  or  less  widely  separated  areas 
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of  exposed  Niagara  are  separated  because  the  formation  is  concealed 
at  intervening  points  by  younger  beds. 

The  distribution  of  the  Niagara  formation  in  the  interior,  taken 
with  the  distribution  of  the  earlier  Silurian  formations,  would  lead 
to  the  conclusion  that  the  Niagara  should  rest  on  the  Hudson 
River  shales  unconformably  over  a  large  area  in  the  Mississippi  basin. 
Such  is  doubtless  the  fact,  yet  the  degree  of  unconformity  is  so  slight  as 
not  to  ]ye  readily  detected.  This  might  mean  either  (1)  that  the  older 
formation  was  elevated  so  little  at  the  close  of  the  Ordovician,  and 
stood  so  low  during  the  Oneida,  Medina,  and  Clinton  epochs,  as  to  have 
suffered  little  erosion,  or  (2)  that  it  was  almost  perfectly  base-leveled 
before  the  Niagara  epoch.  In  both  cases  it  would  be  necessary  to 
suppose  that  the  strata  were  little  deformed,  since  the  bedding  of 
the  two  formations  is  essentially  harmonious.  Between  these  two 
alternatives,  the  former  is  perhaps  the  more  probable. 

In  New  York  the  beds  which  were  formerly  grouped  under  the 
name  Niagara,  and  now  under  the  series  name,  Niagaran,  consist  of 
shale  (Rochester,  p.  370)  below,  and  limestone  (Lockport  and  Guelph) 
above.  It  is  the  more  resistant  beds  of  the  latter  overlying  the  more 
yielding  layers  of  the  former  (Fig.  176)  which  have  given  rise  to  the 
Falls  of  the  Niagara,  the  locality  whence  the  formation  takes  its  name, 
and  determined  the  position  of  the  escarpment  between  Lake  Ontario 
and  I^e  Erie  (Fig.  177)  from  which  the  Falls  (at  F)  has  retreated. 
The  same  limestone  has  determined  other  falls,  such  as  the  upper- 
most falls  of  the  Genesee  river,  shown  in  Fig.  178.  West  of  New  York 
the  formation  is  mainly  limestone.  Except  the  Trenton,  it  is  more 
wide-spread  than  any  preceding  formation  of  limestone,  and  tells  of 
an  expanse  of  clear  water  covering  much  of  the  great  Mississippi  basin. 

The  Niagara  formation  is  the  oldest  in  which  well-developed  coral 
reefs  have  been  identified.  While  coral-secreting  polyps  had  lived 
before,  as  shown  by  their  abundant  fossils  in  older  formations,  and 
while  their  secretions  had  helped  to  make  the  Trenton  and  other  lime- 
stones, the  reef-building  species  seem  to  have  first  become  abundant  in 
mid-Silurian  time.  The  reefs  are  known  in  eastern  Wisconsin  and  at 
other  points  farther  south  and  east.  C!oral  reefs  and  the  adjacent 
deposits  illustrate  as  clearly  as  anything  else  among  the  ancient  forma- 
tions the  methods  by  which  limestone  deposits  were  formed.  The 
reefs  themselves  are  composed  of  the  commingled  relics  of  the  life  that 
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grew  upon  them.    Great  masses  of  coral  may  sometimes  be  seen  stand- 
ing erect  in  the  rock  precisely  as  they  grew,  having  entirely  escaped 
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Fig.  176.  Fig.  177. 

Fig.    176. — ^Diagrammatic    section    showing  the    relations  of    rock    formations    at 

Niagara  Falls.     (Gilbert.) 
Fig.  177. — ^The  Niagara  escarpment.     (Gilbert.) 

destruction  during  their  burial  in  the  growing  reef.  In  other  instances 
the  coral  masses  represent  remnants  only,  the  greater  portions  having 
been  broken  down  and  worn  away  by  the  waves,  or  dissolved  by  the 
ocean  waters,  soon  after  their  formation.    At  various  points  there  are 


Fig.  178. — ^Diagrammatic  section  showing  the  relations  of  various  sorts  of  rock  at 

Genesee  Falls.     (Hall.) 

detached  fragments  showing  various  degrees  of  wear,  together  with 
coarse  and  fine  detritus,  the  product  of  coral  comminution.  These 
combine   to  make  up  the  mass  of  the  reef-rock.      Locally  there  is 
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evidence  that  .some  of  the  limestone  after  having  once  been  solidified 
was  broken  up  by  the  waves  and  re-deposited,  forming  a  coarse,  brec- 
ciated  mass.  In  such  cases  the  spaces  between  the  fragments  are  often 
filled  with  fine  detritus  in  which  fossil  shells  sometimes  occur,  as  though 
the  shell-bearing  animals  had  sought  the  protection  of  these  sheltered 
nooks,  or  as  if  their  shells  had  been  driven  thither  by  the  waves. 
Evidences  of  wave-worn  hollows  and  recesses  in  the  reefs  may  also  be 
found,  showing  that  waves  were  then  wearing,  as  now,  the  simimits  of 
rock-masses  which  were  so  slightly  submerged  as  to  come  within  the 
limits  of  their  action. 

The  deposits  between  and  about  the  ancient  Wisconsin  reefs  are 
similarly  instructive.  On  the  sides  and  at  the  bases  there  accumulated 
a  mixture  of  shell  and  coral  fragments  and  calcareous  sands  growing 
finer  and  finer  as  the  distance  from  the  parent  reef  increased,  and  the 
slope  of  the  bottom  became  more  gentle,  imtil  at  a  distance,  having 
passed  through  the  several  granular  stages,  there  was  a  gradation  into 
white  calcareous  mud,  which  spread  itself  widely  over  the  sea-bottom 
around  the  reefs  and  between  them  and  the  adjacent  land.  This  fine 
calcareous  sediment  ultimately  gave  rise  to  the  compact  white  lime- 
stone of  the  region. 

On  the  submarine  plains  immediately  bordering  the  reefs  flourished 
many  forms  of  life  which  secrete  lime  carbonate.  Mollusks  and  crinoids 
seem  to  have  been  more  abimdant  here  than  upon  the  reefs  themselves. 
Over  the  white  mud-flats  beyond  there  seems  to  have  been  a  relative 
paucity  of  life,  the  reef-frequenting  forms  being  especially  rare. 

In  the  ancient  Niagara  seas,  therefore,  at  least  four  phases  of  lime- 
stone were  in  process  of  accimiulation  simultaneously,  viz.:  (1)  that 
composed  of  coral  which  still  remains  imbroken;  (2)  that  composed  of 
masses  of  coral  partly  disrupted;  (3)  that  made  up  of  the  granular 
products  of  shell  and  coral  grinding;  and  (4)  that  made  up  of  the  still 
finer  products  of  comminution,  all  derived  from  essentially  the  same 
source,  the  secretions  of  the  reef  life.  To  this  category  should  perhaps 
be  added  (5)  the  brecciated  limestone,  made  up  of  the  broken  and  re- 
cemented  fragments  of  beds  which  had  been  disrupted,  and  (6)  the 
oolitic  limestone  which  occurs  at  some  pomts  in  this  and  many  other 
limestone  formations.  The  especial  feature  of  this  variety  of  limestone 
(Fig.  179)  is  that  it  is  made  of  tiny  concretions  of  lime  carbonate  pre- 
cipitated from  solution  about  nuclei  of  any  sort.     Recent  observa- 
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tions  have  shown  that  the  conspicuous  beds  of  chert  nodules  in  the 
dolomitic  Niagara  limestone  of  the  Chicago  area  are  in  reality  great 
sponge  beds.  The  minute  spicular  structure  of  these  organisms  may- 
be frequently  detected  under  the  microscope  in  thin  sections  of  these 
nodules  (Fig.  179a),  although  in  most  of  them  these  structures  have 
been  nearly  or  wholly  obliterated.^ 

East  of  the  Appalachians  and  west  of  the  Mississippi  the  distribu- 
tion of  strata  of  Niagara  age  is  not  generally  known  in  detail.     Lime- 


FiG.  179. — oolitic  limestone. 

stones  which  are  perhaps  referable  to  the  Niagara  occur  in  New 
Hampshire  and  Maine,^  and  in  the  Provinces  between  these  States  and 
the  St.  Lawrence.  In  Nova  Scotia  the  formations  of  the  Niagara 
epoch  are  represented  by  1300  feet  of  shales,  affording  another  illus- 
tration of  the  fact  that  very  different  sorts  of  rock  may  be  accumulating 
in  different  regions  at  the  same  time. 

Like  the  older  formations  of  the  Silurian,  the  Niagara  has  not  been 
identified  with  certainty  in  the  western  part  of  the  continent. 

Unlike  the  preceding  formations  of  the  Silurian,  the  Niagara  is 
not  thicker  in  the  east  than  elsewhere.  In  the  east,  indeed,  where  the 
formation  is  exposed  it  has  a  thickness  of  but  100  to  300  feet,  while  in 
Wisconsin  ^  it  attains  a  maximum  of  800  feet  (probably  including  some 
Clinton),  all  of  which  is  limestone.  It  would  appear  that  the  land  along 
the  eastern  border  of  the  continent  was  not  yielding  abundant  sedi- 

*  G.  F.  Harris,  personal  communication. 
» Williams,  Bull.  165,  U.  S.  GioL  Surv. 
>Geol.  of  Wis.,  Vols.  I  and  ll. 
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merits  to  the  sea  lying  west  of  it.  This  was  probably  because  the  land 
was  low,  and  it  may  have  been  low  either  because  it  had  sunk  or  because 
it  had  been  nearly  base-leveled  in  the  preceding  epochs.  The  slight 
thickness  of  limestone  in  the  east  (New  York)  as  compared  with  the 
west  (Wisconsin)  remains  to  be  accounted  for.  If  the  Niagara  of  the 
west,  as  commonly  classified,  includes  beds  which  are  the  time-equiva- 
lents of  the  Clinton  of  the  east,  this  would  help  to  accoimt  for  the  greater 
thickness  of  the  Niagara  of  the  west.  Again,  it  may  be  that  the  sorts 
of  life  which  produce  limestone  were  more  abundant  in  the  west,  a 


Fig.  179a. — Photograph  of  a  section  of  a  chert  nodule  from  the  Nia^ra  limestone 
near  Chicago,  showing  sponge  structure.     (From  G.  F  Hams.) 


suggestion  which  the  coral  reefs,  as  well  as  other  fossils  of  that  region, 
strengthen. 

The  Guelph  dolomite  (Fig.  180)  is  distinguished  from  the  Lockport 
dolomite  in  western  New  York  by  the  presence  of  a  different  fauna. 
This  fauna  is,  however,  not  restricted  to  beds  overlying  the  Lockport 
dolomite,  but  occurs  as  represented  in  Fig.  180.  This  section  appears 
to  mean  that  the  locality  where  it  occurs  was  near  the  border  of  two 
regions  inhabited  by  different  but  contemporaneous  faunas,  and  that 
these  faunas  alternately  had  the  advantage  in  the  struggle  for  dom- 
inance.^ If  this  interpretation  be  correct,  the  Guelph  and  Lockport 
dolomites  are,  in  part  at  least,  contemporaneous. 

While  the  Niagaran  beds  of  the  interior  are  m  general  nearly  hor- 
izontal, they  are  frequently  domed  so  as  to  give  the  beds  a  high  angle 

» New  York  State  Museum,  Memoir  5,  1903,  pp.  4-22. 
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of  dip.    This  is  true  at  some  points  in  eastern  Wisconsin,  about  Chicago, 
and  at  points  m  Indiana.     (Fig.  181.) 

The  Salina  (Cayugan)  Series. 

The  Salina  series. — ^The  formation  or  group  of    formations  next 
succeeding  the  wide-spread  Niagara  limestone  differs  from  it  so  widely 


2d  Guelph  fauna;  upper  Shelby  dolomite. 


Lockport  dolomites. 


Ist  Guelph  fauna;  lower  Shelby  dolomite. 


Lockport  dolomites,  largely  covered. 


Rochester  shale. 

Fig.  180. — ^Figure  showing  the  relations  of  the  Guelph  to  the  other  members  of  the 
Niagaran  series.     (New  York  CJeol.  Surv.) 

both  in  distribution  and  character  as  to  indicate  that  considerable 
geographic   changes   had  intervened.    It   extends  somewhat   farther 
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Fig.  181. — ^The  Wabash  dome  in  the  Niagara  limestone.     (Kindle.) 

east  than  the  Niagara,  and  occurs  in  the  Appalachians  of  Pennsyl- 
vania and  farther  south,  where  the  Niagara  is  not  known  to  be  pres- 
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ent.  To  the  west,  on  the  other  hand,  the  Salina  formation  is  re- 
stricted to  much  narrower  limits  than  the  Niagara.  Like  the  latter, 
it  underlies  much  of  southern  and  southwestern  New  York,  and  prob- 
ably western  Pennsylvania  as  well,  and  extends  west  into  Ohio.  It 
is  also  present  in  Ontario,  and  extends  thence  to  the  northern  extremity 
of  the  southern  peninsula  of  Michigan,  and  to  the  eastern  border  of 
Wisconsin,  but  it  is  not  known  in  Illinois,  or  at  any  point  farther  west 
in  the  basin  of  the  Mississippi.  If  it  now  exists  in  these  States,  it 
has  not  been  identified. 

The  absence  of  the  Salina  formation  from  so  great  an  area  where 
the  Niagara  is  present,  points  to  the  emergence  of  a  considerable  area 
in  the  Mississippi  basin  at  the  close  of  the  Niagara  epoch,  and  the  nature 
of  the  Salina  series,  where  present,  shows  that  geographic  relations 
were  greatly  altered.  A  map  showing  the  relations  of  land  and  water 
during  the  Salina  epoch  would  show  a  great  increase  in  land  over  that 
shown  in  Fig.  174. 

In  the  east,  the  Salina  group  embraces  three  principal  varieties  of 
rock — limestone,  shale,  and  rock  salt.  With  these  formations,  some 
gjT)sum,  the  usual  concomitant  of  salt  beds,  is  associated.  Shales 
constitute  the  larger  part  of  the  group,  and  seem  to  have  originated 
after  the  fashion  of  shales  in  general,  but  their  meager  content  of 
fossils  seems  to  point  to  their  deposition  under  conditions  imf avorable  for 
Ufe. 

The  salt  is  widely  distributed.  It  is  known  to  occur  at  many 
points  in  New  York  within  an  area  9,000  to  10,000  square  miles  in 
extent,  single  beds  of  it  being  locally  40  to  80  feet  in  thickness.  Several 
Ix^ds  of  it  sometimes  occur  one  above  another,  interstratified  with 
other  sorts  of  rock,  and  their  aggregate  thickness  sometimes  reaches 
as  much  as  100  feet.  In  some  sections,  therefore,  the  salt  makes  a 
very  considerable  fraction  of  the  total  thickness  of  the  series.  The 
same  relations  hold  still  farther  west.  Near  Cleveland,  four  salt  beds, 
50  feet  and  less  in  thickness,  are  interstratified  with  500  feet  of  shales 
belonging  to  this  period. 

The  presence  of  salt  beds  in  New  York  and  Ohio  indicates  that 
(luring  the  movements  which  took  place  about  the  close  of  the  Niagara 
j)eriod,  great  lagoons  or  inclosed  seas  were  formed.  In  these  lagoons 
it  is  believed  the  red  shales  and  other  formations  of  the  Salina  group 
were  deposited.    Had  the  climate  of  the  region  been  as  moist  as  that 
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of  the  present  time,  these  lagoons  would  hardly  have  become  abnor- 
mally saline.  The  fact  that  salt  was  precipitated  in  such  quantities 
is  therefore  an  indication  of  aridity.  Data  are  not  at  hand  for  deter- 
mining whether  the  aridity  was  local  or  general.  Whenever  and  where- 
ever  the  water  of  these  inclosed  seas  reached  the  saturation-point 
for  salt,  Its  precipitation  began.  Occasional  incursions  of  the  sea, 
bringing  in  new  supplies  of  salt  water,  followed  by  periods  when  the 
lagoons  were  cut  off  from  the  sea,  and  suffered  rapid  evaporation, 
would  seem  to  meet  the  conditions  demanded  for  the  formation  of 
the  salt.  So  also  would  a  slight  continuous  connection  with  the  sea, 
such  that  the  inflow  of  sea-water  into  the  basin  did  not  balance  the 
excess  of  evaporation  over  precipitation  in  the  basin  area.  Beds  of 
salt  40  to  80  feet  thick  imply  the  evaporation  of  3000  to  6000  feet  of 
normal  sea-water. 

It  is  not  known  how  nearly  continuous  the  beds  of  salt  are  in  the 
area  within  which  they  occur.  Knowledge  concerning  them  is  obtained 
only  from  borings,  for  they  are  buried  beneath  great  thicknesses  of 
yoimger  rock.  Since  the  strata  dip  to  the  south,  the  salt  beds  lie 
farther  and  farther  beneath  the  surface  in  that  direction.  Much  of 
the  salt  of  commerce  which  comes  from  New  York  is  not  derived  inmie- 
diately  from  the  salt  beds,  but  from  the  waters  of  salt  wells.  The 
water  of  these  wells  probably  became  briny  by  passing  over  or  through 
the  salt  beds,  or  over  or  through  strata  of  shale  through  which  salt  is 
disseminated. 

Gypsum  is  often  associated  with  sedimentary  formations  deposited 
in  inclosed  seas.  It  is  much  less  soluble  in  waters  which  are  nearly 
saturated  with  salt  than  in  sea-water.  Since  it  is  usually  present 
in  saline  waters,  it  is  likely  to  be  precipitated  as  the  water  approaches 
the  saturation  point  for  salt.  In  keeping  with  these  general  facts, 
it  is  present  in  the  Salina  series.  Some  of  the  gypsum  is  probably  of 
secondary  origin,  being  the  result  of  the  reaction  of  sulphuric  acid  on 
calcium  carbonate. 

The  limestone  of  the  Salina  proper  is  largely  contemporaneous  with 
the  shales  and  salt  beds.  It  is  thickest  where  they  are  thin,  and  thin 
where  they  are  thickest.  It  contains  few  fossils,  and  may  be  a  chemical 
precipitate.  Its  relations  to  the  shales  and  salt  beds  are  such  as  to 
indicate  that  the  areas  of  accimiulation  of  the  several  sorts  of  rock 
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material  were  shifted  from  time  to  time,  as  if  by  gentle  changes  of  level 
of  land  or  water. 

The  thickness  of  the  beds  of  the  Salma  group  is  considerable,  being 
about  1500  feet  near  Ithaca,  and  still  more  in  the  mountains  of  Penn- 
sylvania, where  it  attains  its  maximum  development,  though  free 
from  salt.  From  central  New  York  the  formation  thins  both  to  the 
east  and  west. 

The  sequence  of  changes  in  the  Salina  region  of  New  York  is  indi- 
cated by  the  following  table  :^ 


3>» 

d  9^ 

D 

C 

B 
A 

Niagara-Guelph  fauna 

Waterlime  with  Euo'P^^^rus.  .  .  . 

Gypseous  shales 

Beos  of  rock  salt 

G^rpseous  shales 

Pittsford  shale  with  Eurypterus. 

Guelph  fauna 

Niagara  (Lockport)  fauna 


Cobleskill 
>  Salina 
[  Xiagaran 


Associated  formations. — Above  the  Salina  proper  of  New  York, 
there  is  a  thin  (150  feet  maximum)  formation  of  limestone,  the  Water- 
lime  (Cobleskill,  Rondout,  Manlius,  etc.),  which  is  generally  regarded 
as  a  part  of  the  Silurian  system.  The  name  Waterlime  has  reference 
to  the  fact  that  the  limestone  is  the  source  of  hydraulic  cepient,  though 
it  is  by  no  means  everywhere  useful  for  this  purpose,  and  many  other 
limestone  formations  are  similarly  used.  The  Waterlime  is  more 
wide-spread  than  the  Salina,  extending  westward  through  Ohio  (where 
it  is  often  shaly)  to  Indiana  (Kokomo)  and  to  Wisconsin.  Both  its 
distribution  and  its  character  show  that  the  eastern  interior  was  again 
more  generally  submerged  than  during  the  deposition  of  the  salt- 
bearing  series  which  preceded.  In  the  Waterlime  group,  especially 
its  lower  portion  (C!obleskill),  the  Niagara-Guelph  fauna  reappears 
(see  p.  386),  indicating  a  return  of  marine  conditions,  and  of  a 
faima  which  had  been  excluded  for  a  time  from  this  region  because 
of  the  salinity  of  the  waters.  The  sequence  of  conditions  during  the 
Salina  is  shown  diagranmiatically  above,  and  the  relations  of  the 
Silurian  and  Early  Devonian  formations  on  opposite  sides  of  the  barrier 
which  separated  eastern  from  central  New  York,  are  suggested  by 
Fig.  182. 

»  Hartnagel,  Bull.  69,  N.  Y.  State  Museum,  p.  1159. 
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SlLXJBIAN  IN  THE  WeST. 

The  Silurian  and  Ordovician  systems  have  been  usually  mapped  as 
one  under  the  former  name  in  the  area  west  of  the  Great  Plains.  At 
various  points  in  this  region  there  is,  between  the  Ordovician  below 
and  the  Devonian  above,  a  series  of  sedimentary  beds  poor  in  fossils. 
The  character  of  the  fossils  being  indecisive,  the  age  of  the  beds  has  not 
been  certainly  determmed.    Some  of  them  may  be  Silurian,  though 


Fig.  182. — ^Diagram  showing  overlaps  and  succession  of  formations  of  the  eastern 
interior  sea  during  the  Silurian  and  Early  Devonian  periods.     (Hartnagel.) 

in  many  regions  all  appear  to  be  referable  to  the  Ordovician.  If  they 
are  to  be  correlated  with  the  Silurian,  the  Ordovician  types  of  life  may 
have  lingered  on  in  the  west  much  longer  than  in  the  east.  If  the  Silu- 
rian is  really  absent  from  all  the  areas  where  its  presence  is  not  kno\ni, 
it  would  appear  that  a  large  part  of  western  North  America  was 
land  during  the  Silurian  period.  The  Silurian  system  has  not  been 
identified  in  the  fine  sections  of  the  CJolorado  canyon  in  Arizona,  and 
probably  does  not  exist  there.  This  may  mean  that  either  this  part 
of  the  west  was  land  during  the  Silurian  period,  or  that  such  Silurian 
formations  as  were  deposited  here  were  subsequently  removed  by 
erosion  during  an  interval  of  emergence.  Silurian  beds  are  reported 
from  the  Fort  Apache  region  of  Arizona,^  from  southern  California  and 
Nevada,^  and  from  the  Seward  Peninsula  of  Alaska.^  They  are  doubt- 
fully reported  from  the  Canadian  Rockies,  but  the  beds  in  question 
seem  to  belong  to  the  same  system  as  many  other  western  beds,  referred 
tentatively  to  the  Ordovician  on  the  basis  of  their  fossils.* 

» Reagan,  Am.  GeoL,  Vol.  32,  1903,  p.  278. 
>Spurr,  Bull.  208,  U.  S.  Geol.  Surv.,  pp.  70,  86,  and  202. 
•Collier,  Professional  Paper  No.  2,  U.  S.  Geol.  Surv. 
*  Dawson,  Bull.  Geol.  Soc.  Am.,  Vol.  12,  p.  68. 
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The  Helderberg  formation. — It  has  been  customary  in  the  past 
to  regard  the  Helderberg  formation  as  a  part  of  the  Silurian 
system,  though  its  reference  to  the  Devonian  has  often  been  sug- 
gested. The  fossils  of  the  Helderberg  formation  are  commonly 
regarded  as  pointing  to  alliance  with  the  Devonian  faunas,  rather 
than  with  the  Silurian.^  By  this  standard,  therefore,  the  reference 
of  the  Helderberg  formation  to  the  Devonian  system  seems  the 
more  appropriate. 

SUMMARY 

As  in  the  case  of  all  preceding  systems  of  the  Paleozoic,  the  greater 
thicknesses  of  Silurian  strata  occur  in  the  Appalachian  mountain  system, 
Here  the  Medina  and  Oneida  have  a  thickness  of  1500  feet,  the  Clinton 
of  2000  feet,  and  the  Niagara  and  Salina  of  1500  feet  (central  New  York), 
giving  the  Silurian  system  a  thickness  of  about  a  mile,  though  this  ia 
far  more  than  its  average.  In  Maryland  its  thickness  is  between  2000 
and  2500  feet.  It  is  chiefly  clastic  below,  with  limestone  above.^  Over 
the  interior,  the  system  is  relatively  thin,  being  measured  by  hundreds 
of  feet  rather  than  by  thousands.  In  keeping  with  these  variations  in 
thickness,  the  Silurian  along  the  Appalachian  belt  is  largely  of  clastic 
sediments  of  shallow-water  origin,  while  that  of  the  interior  originated 
in  clear,  though  not  necessarily  deep  water.  During  most,  if  not  all,  the 
j)eriod,  the  Appalachian  trough  was  shut  off  from  free  communication 
with  the  interior  sea,  but  connected  with  the  Atlantic,  perhaps  by  way 
of  the  present  Chesapeake  region.  The  great  thicknesses  of  strata  in  the 
eastern  mountain  region  were  deposited  in  this  Appalachian  trough. 
Since  all  or  most  of  them  were  deposited  in  shallow  water,  they  are 
usually  thought  to  point  to  the  conclusion  that  the  trough  was  sink- 
ing, and  that  at  a  rate  comparable  to  that  at  which  the  sediments 
accumulated.  This  view  may,  however,  need  to  be  qualified  by  con- 
siderations such  as  those  suggested  on  page  257.  So  far  as  local  sinking 
took  place,  the  accumulation  itself,  as  already  suggested,  may  have 

^  Clarke,  Review  of  the  Hercynian  fauna,  42d  Rept.  N.  Y.  State  Mus.,  p.  408.  See 
also  views  of  Tschemychew,  Am.  GeoL,  Vol.  XIV,  1894,  p.  119;  Schuchert,  Bull. 
Geol.  See.  Am.,  Vol.  II,  pp.  241-332;  Williams  (who  advocates  the  opposite  view), 
idem,  pp.  338-346;  and  Kayser,  Geologische  Formationskunde,  asweite  Aufla^e. 

»  Prosser,  Jour,  of  Geol,  Vol.  IX,  pp.  410-15. 
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been  the  cause,  or  one  of  the  causes,  of  the  subsidence.  Coincident 
with  the  downward  warping  of  the  trough,  the  adjacent  land  area  which 
suppUed  the  sediments,  was  probably  warping  upward  steadily  or 
periodically. 

The  history  of  the  Silurian  period,  as  now  understood,  involves,  (1) 
a  general  submergence  of  the  eastern  part  of  the  United  States  west  of 
Appalachia,  by  which  the  sea  became  more  and  more  wide-spread 
until  the  close  of  the  Niagara  epoch;  (2)  a  partial  withdrawal  of  the 
sea  from  the  same  area  during  the  Salina  epoch;  and  (3)  a  possible 
extension  of  the  sea  at  the  close  of  the  Salina  epoch.  There  were 
doubtless  many  minor  oscillations  of  level  not  distinctly  recorded  in 
the  rocks,  or,  at  any  rate,  not  yet  distinctly  determined. 

Of  the  sediments  deposited  along  the  Atlantic  coast  on  the  eastern 
border  of  Appalachia  during  the  Silurian  period  little  is  known.  They 
have  not  been  identified  at  any  point  within  the  present  land  area 
south  of  New  England.  From  this  it  is  inferred  that  the  Silurian  shore 
south  of  New  England  was  farther  east  than  that  of  to-day,  and  that 
the  Trans-Appalachian  Silurian  strata  are  still  beneath  the  sea,  deeply 
buried  by  younger  formations.  There  is  no  certain  knowledge,  however, 
that  the  Silurian  seas  did  not  cover  some  part  of  the  present  land  area 
east  of  the  mountains.  If  so,  such  formations  as  were  made  have  been 
removed  by  erosion,  or  transformed  by  metamorphism  so  that  they 
have  not  been  recognized,  or  lie  buried  beneath  later  formations.  Far- 
ther north,  as  in  New  England  and  beyond,  the  sediments  of  this  period 
seem  to  have  accumulated  partly  in  bays  which  affected  the  coast,  and 
partly  along  the  border  of  the  open  sea. 

Outcrops. — The  principal  areas  where  the  Niagaran  series  appears 
at  the  surface  are  shown  on  the  map,  Fig.  174.  A  map  showing  the 
outcrop  of  the  system  as  a  whole  would  not  be  very  different  (see  Plate 
I).  Fig.  174  shows  also  the  relations  of  the  Silurian  to  older  systems, 
and  hazards  a  conjecture  as  to  their  probable  occurrence  where  now 
concealed.  The  principles  underlying  the  distribution  of  outcrops 
have  already  been  discussed  (p.  252  et  seq.). 

Former  extent  and  general  stratigraphy. — ^The  present  margins  of 
the  several  Silurian  formations  are  not  their  original  margins,  for  their 
exposed  parts  have  suffered  erosion,  and  the  erosion  of  dipping  beils, 
as  already  explained,  shifts  their  outcrops.  In  some  localities  then* 
are  certain  reliable  data  for  estimating  the  former  extension  of  the 
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formations.    In  Wisconsin,  for  example,  remnants  (outliers,  a,  6,  c) 
of  the  Niagara  are  found  far  beyond  the  main  body  {S,  Fig.  183)  of 


^m. 


%^ 


Fio.  183. — Map  showing  the  surface  distribution  of  Silurian,  Ordovician,  and  other 
formations  in  southern  Wisconsin,  northern  Illinois,  and  eastern  Iowa.  €  = 
Cambrian  J  0« Ordovician;  iS=  Niagara,  and  a,  6,  c  are  outliers  of  jS;  M« 
Mssissippan;    and  C= Carboniferous. 

the  formation  as  it  now  exists.  These  remnants  fix  at  least  a  minimum 
limit  to  the  original  extension  of  the  formation.  The  stratigraphical 
relations  are  indicated  by  the  accompanying  section  (Fig.  184),  which 


Fig.  184. — Section  showing  the  structure  of  the  Silurian  and  other  beds  in  Wisconsm. 
€= Cambrian;  0  =  Ordovician;  5= Silurian;  and  D=  Devonian.  The  black 
belt  at  the  surface  «  glacial  drift,  etc.     (Wis.  Geol.  Surv.) 

at  once  suggests  the  basis  for  the  estimate.  Farther  north  the  Silurian 
formations  appear  to  have  been  completely  removed  from  great  areas 
which  they  once  covered. 

The  map  (Fig.  185)  of  a  part  of  New  York  shows  the  relations  of 
the  outcrops  of  the  several  Silurian  formations  in  the  western  part  of 
that  State.  Their  former  northward  extension  can  only  be  conjectured, 
but  it  was  probably  considerable.  Fig.  186  shows  the  stratigraphic 
relations  of  the  beds  shown  on  the  map,  the  section  being  from  north  to 
south.  Figs.  184  and  186  fairly  illustrate  the  stratigraphic  relations  of 
the  Silurian  in  the  interior  generally.  Their  stratigraphic  relations  in 
the  Aooalachian  mountains  are  illustrated  by  Figs.  138  and  139,  where 
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the  upper  part  of  the  formation  marked  S  is  often  Silurian  (the  lower 
part  being  Ordovician). 
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Fig.  185. — Map  of  a  portion  of  the  State  of  New  York  showing  the  surface  distribution 
of  the  various  Sikirian  and  Devonian  formations.  1  =  Ordo\ician ;  2  to  5= 
Silurian ;  6  to  1 3  =  Devonian ;  14  =  Mississippian. 

Sections  of  the  Silurian  in  various  regions  are  given  on  pp.  317-320, 
and  in  the  Appendix,  Vol.  III. 

Igneous  rocks. — At  few  points  in  North  America  have  igneous  rocks 
of  Silurian  age  been  identified.    The  Silurian  formations  are  some- 


FiG.  186. — Section  showing  the  structure  of  Silurian  and  Devonian  beds  in  western 
New  York.  1  =  Pre-C'ambrian ;  2= Cambrian  (Potsdam);  3  to  6=  Ordovician, 
Calciferous,  Trenton,  Utica,  and  Hudson  River  respectively;  7  to  10  =  Silurian. 
Oneida  and  Medina,  Clinton,  Niagara,  and  Salina  respectively;  11  to  14  =  Devo- 
nian, Helderberg,  Hamilton,  Genesee,  Pori»ge,  Catskill,  and  Chemung  respectively; 
and  15  =  Carboniferous. 

times  affected  by  igneous  intrusions,  but  the  date  of  the  intrusions  is 
generally  uncertain.  Some  of  the  igneous  rocks  of  New  Brunswick  are 
thought  to  be  of  Silurian  age,  and  perhaps  some  of  those  of  Nova  Scotia 
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and  Maine.^    In  the  Fox  Islands  of  Maine,  the  Niagaran  age  of  some 
igneous  rocks  seems  to  be  clearly  indicated.^ 

Close  of  the  Silurian. 

The  closing  stages  of  the  Silurian  were  marked  by  the  withdrawal 
of  the  epicontinental  sea  from  considerable  areas  of  the  eastern  interior 
which  had  been  submerged  during  the  Niagaran.  The  sea  appears 
to  have  continued  to  cover  the  area  of  the  Appalachian  trough.  Oro- 
genic  disturbances  at  this  time  seem  to  have  been  essentially  wanting 
in  North  America.  The  geographic  changes  at  the  close  of  the  Silurian 
appear  to  have  been  greater  than  those  which  occurred  during  the 
period,  dividing  it  into  epochs  and  stages,  but  they  were  notably  less 
than  those  which  closed  the  Ordovician.  It  follows  that  the  Silurian 
system  is  less  distinctly  separated  from  the  Devonian  above  than 
from  the  Ordovician  beneath. 

Foreign  Silurian. 

In  Europe  the  Silurian  strata  have  a  distribution  similar  to  that  of 
the  Ordovician,  though  they  are  wanting  in  some  regions  where  the 
latter  are  present.  As  in  the  Cambrian  and  Ordovician  periods,  the 
continent  seems  to  have  been  divided  into  two  distinct  geographic 
provinces.  Within  the  northern,  the  Silurian  strata  are  rather  less 
widely  distributed  than  those  of  the  preceding  system,  especially  in 
eastern  and  northeastern  Russia.  The  fact  that  the  Silurian  strata 
do  not  appear  at  the  surface  over  wide  areas  does  not  indicate  their 
general  absence  so  much  as  their  widespread  concealment.  They  are 
believed  to  be  widely  distributed  beneath  the  younger  beds  between 
the  Baltic  and  the  Urals,  as  well  as  farther  east.  In  most  of  the  north- 
em  province,  outside  of  Britain  the  system  has  been  little  deformed. 

In  the  southern  province,  the  Silurian  formations  are  not  widely 
exposed,  appearing  in  small  areas  only  amidst  formations  of  lesser  age. 
In  contrast  with  the  Silurian  rocks  of  the  northern  province,  those  of 
the  southern  are  much  deformed. 

The  Silurian  (the  name  comes  from  the  name  of  an  ancient  tribe 
of  Britain,  the  Silures)  formations  of  Europe,  especially  of  the  northern 

«  Williams,  H.  S.     Jour,  of  Geo!.,  Vol.  II,  pp.  16-18. 

•Smith,  G.  O.     Geol.  of  the  Fox  Islands,  Me.,  Rev.  Am.  Geol.,  Vol.  XIX,  p.  214. 
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province,  are  more  largely  composed  of  limestone  than  those  of  the 
Ordovician,  suggesting  clearer  seas.  In  Great  Britain,  the  three  prin- 
cipal groups  of  the  system,  commencing  below,  are  (1)  the  Llandovery, 
(2)  the  Wenlock,  and  (3)  the  Ludlow. 

In  general  the  Silurian  rests  conformably  on  the  Ordovician,  but 
this  is  not  true  in  the  British  Isles,  where  the  younger  system  rests 
on  the  upturned  and  eroded  strata  of  the  older.  As  in  America,  the 
sjrstem  contains  little  igneous  rock. 

Its  thickness  is  less  than  that  of  either  of  the  two  preceding  systems, 
being  but  3000  to  5000  feet  in  Great  Britain.  It  is  perhaps  need- 
less to  add  that  this  lesser  thickness  does  not  necessarily  denote  a 
shorter  period  of  time.  It  may  equally  well  stand  for  a  less  rapid 
rate  of  accumulation. 

The  Ordovician  and  Silurian  of  other  continents  have  not  been 
generally  distinguished.  The  equivalents  of  the  two  systems  as  dis- 
tinguished in  Europe  and  North  America  probably  occur  in  all  the 
less  well-known  continents.  Strangely  enough,  the  faimal  resemblance 
of  the  Silurian  of  other  regions,  even  of  other  continents,  to  that  of 
the  northern  province  of  Europe,  is  stronger  than  that  of  this  province 
to  the  southern  province  of  the  same  continent. 

Climate.^ 

There  is  nothing  to  indicate  great  diversity  of  temperature  in  the 
Silurian  period,  and  much  to  suggest  that  its  uniformity  extended 
through  great  ranges  of  latitude,  for  the  fossils  of  warm-temperate 
latitudes  are  in  part  the  same  as  those  in  Arctic  regions.  Certain 
regions  (New  York  and  vicinity)  appear  to  have  been  temporarily 
(Salina  epoch)  arid. 

THE  SILURIAN  LIFE. 

The  extensive  withdrawal  of  the  sea  from  the  surface  of  the  North 
American  CJontinent  at  the  close  of  the  Ordovician  period  very  greatly 
reduced  the  area  of  shallow  water  available  for  the  forms  of  life  that 
had  so  richly  peopled  it  during  that  period.  A  repressive  evolution 
of  much  severity  necessarily  followed.  This  constitutes  the  great 
biological  feature  of  the  transition  from  the  Ordovician  to  the  Silu- 
rian.   With  the  extensive  re-invasion  of  the  interior  by  the  Mid-Silurian 

»  Schwarz,  Jour.  Geol.,  1906. 
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sea,  there  followed  an  expansional  evolution  of  the  shallow-water 
fauna,  and  this  constitutes  the  great  biological  feature  of  the  middle 
of  the  period.  Toward  the  close  of  the  period  there  was  another 
but  less  considerable  restriction  of  the  epicontinental  sea,  complicated 
with  intense  salinity  in  the  eastern  interior  region,  and  there  followed 
a  second  repressive  evolution  marked  by  special  features.  Through 
this,  the  faima  passed  into  the  Devonian  type,  and  the  marine  life-history 
of  the  Silurian  was  closed. 

These  major  biological  movements  were  varied  and  complicated 
by  many  minor  movements  upon  which  we  cannot  dwell.  These  gen- 
eralizations relate  solely  to  the  shallow-water  marine  life.  The  history 
of  the  land  life  should  theoretically  have  been  the  reciprocal  of  that 
of  the  sea;  for  as  the  sea  contracted  the  land  expanded,  and  an  expan- 
sional evolution  of  land  life  should  have  run  hand  in  hand  with  the 
restrictional  evolution  of  the  sea  life.  This  was  probably  the  fact,  but 
the  record  of  the  land  life  is  too  meager  to  demonstrate  it. 

It  is  not  probable  that  the  life  of  the  ocean  surface  or  of  the  abysmal 
depths  was  sensibly  changed  by  these  continental  modifications,  but 
there  is  practically  no  evidence  bearing  on  this  point,  for,  as  ever  to 
be  borne  in  mind,  the  geological  record  of  marine  life  is  almost  wholly 
that  of  the  shore  tracts  and  the  epicontinental  seas. 

Had  the  physical  changes  of  the  continent  at  the  close  of  the  Silurian 
period  been  as  pronounced  as  those  at  its  beginning,  it  would  have 
constituted  an  ideal  cycle,  consisting  of  an  advance,  a  dominance, 
and  a  retreat  of  the  sea,  attended  by  expansional,  cosmopolitan,  and 
restrictional  phases  of  shallow-water  life,  and  would  thus  have  rounded 
out  a  typical  period.  Starting  with  a  transformed  remnant  of  the 
previous  fauna  distributed  along  a  skirting  shoal  tract  and  gathered 
in  a  few  bordering  embayments  which  harbored  it  during  the  vicissi- 
tudes of  the  transition,  the  life  expanded  with  the  expanding  epicon- 
tinental seas,  attained  a  cosmopoUtan  prevalence  in  the  Mid-Silurian, 
and  later,  with  the  retraction  of  the  sea,  shrank  again  to  meager  pro- 
portions and  was  transformed  into  the  initiative  fauna  of  the  next 
period. 

The  Transition  from  the  Ordovician, 

Severely  restricted  as  the  shallow-water  life  must  have  been  during 
the  stage  of  the  greatest  sea  withdrawal,  the  record  probably  makes 
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it  appear  more  impoverished  than  it  really  was.  The  shore  tracts 
were  then  far  out  on  the  borders  of  the  continental  platform,  and  the 
deposits  there  made  were  buried  beneath  later  deposits  when  the  sea 
readvanced,  and  have  been  specially  subject  to  further  burial  by  sub- 
sequent border  deposits.  Large  portions  of  these  tracts  are  probably 
now  under  the  sea.  They  are,  therefore,  of  all  epicontinental  deposits 
least  accessible  to  observation. 

Aside  from  the  lessened  area,  the  life  conditions  were  probably 
less  favorable,  area  for  area,  than  in  the  stage  of  sea  expansion,  for 
the  wash  from  the  land  was  presumably  augmented  by  the  increased 
land  area  and  the  greater  relief  of  the  land  caused  by  the  lowering 
of  the  sea-level,  if  not  also,  as  is  probable,  by  the  upward  bowing  of 
the  continental  surface.  The  increased  detritus  poured  by  the  rivers 
into  the  coast  belt  probably  inhibited  some  forms  of  life,  injured  others, 
and  helped  but  a  few.  Some  of  the  basins  or  embayments  were  doubt- 
less affected  by  too  great  freshness  of  water  and  some  by  too  great 
salinity,  and  what  was  probably  more  unfavorable  for  life,  by  alter- 
nations from  the  one  to  the  other. 

These  general  characterizations  find  exemplification  in  the  meager- 
ness  of  the  faunas  of  the  Shawangunk  grit,  the  Oneida  conglomerate, 
and  the  Medina  sandstone,  all  of  which  are  very  barren  of  fossils.  Grants 
ing  that  some  part  of  this  barrenness  may  be  due  to  the  dissolving 
away  of  relics  once  contained  in  the  beds,  there  can  be  little  doubt 
of  an  original  barrenness,  for  whatever  may  be  true  of  the  coarse  sand- 
stones, there  is  no  reason  to  assume  exceptional  solution  of  organic 
substances  in  the  abundant  shales  and  fine-grained  argillaceous  sand- 
stones. 

In  the  earliest  beds  referred  to  the  Medina  in  the  eastern  interior, 
there  are  a  few  lingering  Ordovician  species.  Then  follows  the  great 
mass  of  the  Medina  formation  in  which  practically  no  determinable 
life  relics  appear,  while  near  the  top  of  the  deposit  a  meager  fauna  of 
the  post-transition  type  initiates  the  distinctive  Silurian  fauna. 
Scarcely  more  than  a  dozen  species  of  invertebrates  have  been  identi- 
fied, and  these  have  a  pauperitic  aspect  that  seems  to  tell  of  the  hard 
conditions  imder  which  they  lived.  The  very  fact  that  the  Medina 
shales  and  sandstones  are  prevailingly  red,  probably  tells  a  tale  of 
hostility  to  life,  but  we  cannot  read  it  with  much  assurance  at  present. 
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It  will  claim  consideration  in  connection  with  the  great  red  deposits 
of  later  periods. 

Universally  adverse  conditions  are  not,  however,  to  be  assumed 
during  the  transition  epoch.  The  very  drawing  down  of  the  waters 
on  the  borders  of  the  continent  must  inevitably  have  so  shallowed 
the  sea  on  some  deeply  submerged  tracts  as  to  have  made  them  con- 
genial ground  for  the  retreating  faunas  of  the  interior.  This  might 
well  be  true  of  deep  embayments  on  the  continental  border.  The 
Gulf  of  St.  Lawrence  seems  to  have  been  a  notable  example,  and  to 
have  constituted  a  harbor  of  refuge  for  the  retiring  hosts  of  the  interior. 
In  it,  as  shown  by  the  deposits  of  Anticosti,  Ordovician  species  lived 
on  for  varying  lengtlis  of  time  and  mingled  with  Silurian  species  as  they 
developed,  and  so  recorded  the  transition.  This  appears  to  have  been 
the  breeding-groimd  of  one  of  the  provincial  phases  of  the  Silurian 
fauna,  but  it  is  not  at  all  probable  that  it  was  the  only  one.  Doubt- 
less there  were  other  similar  embajTnents,  and  the  whole  coast  tract 
probably  made  its  contribution  to  the  Silurian  fauna;  but  south  of  the 
St.  Lawrence  the  record  of  the  phases  of  life  transitional  from  Ordo- 
vician to  Silurian  is  not  at  command.  The  main  Silurian  fauna  of 
the  interior  apparently  did  not  arise  from  that  of  the  St.  Lawrence 
embajnient  or  of  the  Atlantic  border,  but  developed  somewhere  at 
the  north,  or  came  in  from  the  eastern  continent. 

The  Expansional  Stage  and  the  Mid-Silurian  Fauna. 

As  the  sea  slowly  crept  out  upon  the  face  of  the  continent  toward 
the  middle  of  the  period,  increasing  room  and  more  congenial  condi- 
tions for  most  forms  of  shallow-water  life  afforded  the  means  of  a  new 
expansional  evolution,  and  this  finds  expression  in  the  Niagaran  fauna. 
This  is  comparable  to  the  expansional  stage  of  the  Mid-Ordovician 
fauna.  The  families  and  classes  remained  nearly  the  same  as  in  Ordo- 
vician time,  but  the  majority  of  the  genera  were  new,  as  were  nearly 
all  the  species.  A  very  few  species  of  extraordinary  longevity  bridge 
the  great  interval,  such  as  Leptnna  rhomboidalis  (Fig.  163,  w),  Plectam- 
honites  sericeus  (Fig.  163,  x),  and  Plaiystrophia  biforata.  These  stand 
out  as  conspicuous  examples  of  extraordinary  persistence,  though 
even  they  had  changed  somewhat.  In  general  there  was  a  biological 
advance,  but  regarding  the  particular  classes,  some  had  risen  and 
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some  had  fallen,  while  all  had  undergone  a  change.  The  more  conspicu- 
ous features  of  these  changes  claim  attention. 

Echinoderms :  the  blastoids. — A  distinguishing  feature  of  the  Silurian 
fauna  was  the  rich  and  varied  development  of  the  echinoderms,  involv- 
ing at  once  the  rise  or  the  decline  of  old  forms  and  the  introduction 
of  new  ones.  To  the  five  classes  present  in  the  Ordovician,  there  was 
now  added  the  blastoids,  and  the  full  list  of  classes  adapted  to  fossili- 
zation  was  completed.  The  new  class  consisted  of  symmetrical,  bud- 
like forms,  with  a  calyx  of  a  definite  number  of  plates,  very  regularly 
and  beautifully  arranged  in  pentamerous  order,  but  without  true  arms, 
as  shown  in  Fig.  187,  i.  Only  two  genera  of  blastoids,  so  far  as  known, 
were  as  yet  present,  but  in  the  two  succeeding  periods  a  rapid  developn 
ment  was  achieved,  followed  by  a  swift  decline. 

The  rise  of  the  crinoids. — The  appearance  of  the  blastoids  was 
a  mark  of  advance ;  but  the  dominant  feature  was  the  rise  of  the  crin- 
oids. They  attained  such  abimdance  in  certain  congenial  localities 
that  their  fragments  formed  the  main  substance  of  the  limestone. 
These  spots  became  veritable  '^flower-beds"  of  *' stone  lilies,'*  and 
certain  localities,  as  Lockport,  N.  Y.,  Waldron  and  St.  Paul,  Ind.,  Ra- 
cine, Wis.,  Chicago,  111.,  Gotland,  Sweden,  and  Dudley,  England,  have 
become  noted  as  peculiarly  rich  crinoidal  fields,  where  beautiful  and 
varied  forms  grew  in  groves,  as  it  were.  The  assemblage  of  species 
at  each  of  these  noted  localities  had  its  own  peculiarities,  but  the  genera 
were  usually  much  the  same.  A  few  Silurian  crinoids  are  shown  in 
Fig.  187,  a,  6,  c,  d,  e,  but  no  such  limited  selection  of  figures  can  do 
justice  to  the  variety  and  beauty  of  form  they  displayed.*  The  wide 
differences  of  those  illustrated,  however,  gives  some  hint  of  the  develop- 
ment of  the  class.  Among  the  notable  features  was  a  large  projecting 
tube  whose  apparent  function  was  to  carry  the  used  waters  of  the 
body  ca\dty  away  for  discharge  at  a  distance  from  the  food  grooves, 
with  an  apparent  hygienic  purpose.  In  certain  cases,  this  tube  was 
curiously  expanded  above,  the  plates  spreading  into  a  broad  umbrella- 
like canopy  with  the  apparent  purpose  of  still  more  effectively  pre- 
venting the  mingling  of  the  used  and  unused  water.  A  new  feature 
was  the  consolidation  of  the  plates  at  the  base  of  the  calyx,  imparting 

^  For  a  fine  series  of  illustrations  see  the  classic  work  of  Wachsmuth  d;  Springer, 
The  North  American  Crinoidea  Camerata,  Mus.  Comp.  Zool.,  Cambridge,  Mass.,  Vol 
XXI.  1897. 
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added  strength  to  it.  Spines  were  occasional  features  and  doubtless 
served  a  defensive  purpose.  Some  species  were  notably  ornamented 
by  various  figures  upon  the  exterior  of  the  plates,  the  function  of  which 
can  only  be  conjectured.  The  arms  of  the  camerate  crinoids,  which, 
in  Ordovician  times,  were  largely  formed  of  a  single  series  of  plates, 
nearly  all  came  to  have  a  double  series  in  the  Silurian.  Notwithstand- 
ing these  and  other  expressions  of  progress,  there  remained  many  rem- 
nants of  the  more  primitive  characters,  indicating  that  the  class  had 
not  yet  reached  its  structural  climax.  The  lower  orders  of  the  class 
were  still  present,  but  in  diminished  numbers.  The  decline  of  these 
and  the  rise  of  the  higher  types  is  in  itself  a  mark  of  progress.  At 
the  same  time,  the  continued  existence  of  the  lower  types  teaches  that 
the  introduction  of  the  higher  was  not  at  once  fatal  to  the  welfare 
of  the  lower. 

The  cystoids. — Though  the  cystoids  passed  their  climax  in  the 
Ordovician,  they  continued  to  be  abundant  in  the  Silm-ian,  and  many 
attained  larger  sizes  than  are  known  to  have  been  reached  before. 
They  show  in  some  phases  a  tendency  to  greater  regularity  in  the 
arrangement  of  the  plates,  as  though  even  they  felt  the  influence  of 
the  causes  that  made  for  order  and  synmietry,  so  well  expressed  in 
the  crinoids  and  blastoids;  but  on  the  whole,  irregularity  continued 
to  characterize  them  (Fig.  187,  /,  g  and  h). 

Other  echinoderms. — The  starfishes  appear  to  have  made  little  prog- 
ress and  to  have  had  no  large  place  in  the  fauna;  the  serpent  stars 
and  the  echinoids  had  even  less.  It  is  important  to  note  these  slow 
developments  of  types  that  came  to  be  prominent  very  much  later, 
for  it  possibly  represents  a  general  fact,  viz.,  that  great  classes  were 
really  slow  in  their  evolution,  however  suddenly  they  may  seem  to 
have  come  into  existence.  It  is  not  impossible  that  the  ascents  of 
the  cystoids  and  crinoids  to  their  climaxes  would  be  foimd  equally  as 
prolonged  as  those  of  their  kin  if  we  could  trace  them  back  through 
their  full  histories.  Just  a  little  greater  imperfection  in  the  record 
would  have  eliminated  all  trace  of  the  ophiuroids  and  echinoids  in 
these  early  periods  and  would  have  made  their  appearance  in  abun-' 
dance  at  a  later  period  seem  sudden  and  remarkable.  This  suggestion 
is  not  to  be  accepted  as  an  affirmation,  for  there  are  some  strong  grounds 
for  believing  that  evolution  was  sometimes  really  rapid  relatively. 

The   continued  importance   of  the  brachiopods. — ^The  brachiopods 


Fig.  187. — (See  opposite  page  for  explanation  of  figure.) 
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Explanation  of  Fig.  187. — Crinoidea:  a,  Eutxdyptocrinus  crcissus  Hall,  a  complete  cri- 
noid,  showing  root,  stem,  and  body;  6,  CaUicrinus  murchisonianiis  Ang.,  showing 
extraordinary  spinose  ornamentation ;  c,  Petalocrinus  mirabilis  \\  eller,  showing  a 
remarkable  type  of  arm  differentiation,  the  arms  being  consolidated  into  five  tri- 
angular plate-like  bodies;  d,  Lecanocrinus macropetalusliQllj  one  of  the  articulate 
crinoids;  c,  Crotalocrimts  pulcher  (His.),  a  crinoid  with  remarkably  diflferentiated 
arms.     Cystaidea:  /,  Caryocriniis  vmatus  Say.,  a  cystoid  with  regularly  arranged 
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body-plates ;  the  pores  may  be  seen  arranged  in  radiating  lines  from  the  centres  of  I 

the  plates;  g,  Caliicystia  jewetti  Hall,  a  cystoid  with  unsvmmetrical  arrangement  of  ! 

plates,  the  arm  furrows  recumbent,  the  pores  arranged  in  groups;  /i,  Hohcystitea 
adiapattis  Miller,  a  cystoid  with  'irregularly  arranged  plates  and  scattered  pores.  I 

Blasloidea:  i,  Troostocrinus  reinwardtii  (Troost),  showmg  the  typical  bud-shaped  j 

form  of  these  organisms.   Sponges:  7,  Aslrasospongia  meniscus  lioem.,  a  saucer-  ! 

shaped  sponge  with  exceptionally  large  spicules;    k,  Astylospongia  prcemorsa  \ 

(Goldf.),  a  globular  sponge  showing  the  osculum  above  and  the  ends  of  the  water 
canals.     Cephalopoda:    7,   Orthoceras   annulatum    Sow.,    a  straight    chambered  j 

shell  with  annulations;  m-n,  Phra,gmoceras  nestor  Hall,  lateral  and  end  views  of 
a  curved  chambered  shell  with  peculiar  constricted  aperture.  Brachiopoda: 
o,  Pentamerus  dbUmgus  Murch.,  lateral  view  of  an  internal  cast;  p,  Spirifer  niaga" 
rensis  (Con.),  exterior  view  of  the  brachial  or  dorsal  valve,  with  the  cardinal  area 
and  beak  of  the  pedicle  or  ventral  valve  showing  above;  g,  Spirifer  radialus  Sow., 
a  view  similar  to  the  last.  These  two  figures  show  the  plicated  and  non-plicated 
spirifer  shells,  marked  with  fine  radiating  striae;  r,  Trimerella  ohioensis  Meek, 
tne  internal  cast  oi  a  highly  differentiated  inarticulate  brachiopod,  showing  the 
finger-like  casts  of  the  excavations  beneath  the  elevated  muscular  platforms; 
«,  Trimerella  acuminata  Bill.,  the  interior  view  of  a  pedicle  or  ventral  valve,  show- 
ing the  elevated  platform  for  muscular  attachment,  excavated  beneath;  t,  u, 
Stropheodonta  profunda  Hall,  interior  of  the  pedicle  or  ventral  valve,  showing 
muscular  impressions,  cardinal  area,  delthyrium,  and  crenulated  hinge  line, 
^th  an  enlarged  view  of  the  area  and  hinge;  v,  Chonetes  comutus  (Hall),  exterior 
view  of  pedicle  or  ventral  valve,  showing  the  cardinal  spines;  w,  Streptis  grayi 
(Dav.),  exterior  view  of  the  brachial  or  dorsal  valve,  showing  the  carainal  area 
and  beak  of  the  opposite  valve  and  the  peculiar  twisted  form  of  the  shell;  x, 
Rhynchctrela  cuneata  (Dal.),  exterior  view  of  the  brachial  or  dorsal  valve,  showing 
the  beak  and  pedicle  opening  of  the  opposite  valve.  Trilobiia:  y,  Sphcerexochus 
mirus  Bey.,  dorsal  \'iew;  «,  Staurocephalus  murchisoni  Barr,  dorsal  view,  showing 
the  peculiar  globular  anterior  prolongation  of  the  head;  U,  Deiphon  forbesi  Barr, 
dorsal  view  of  a  peculiar  trilobite  having  the  pleural  lobes  much  reduced;  uu, 
Calymene  ningarensis  Hall,  dorsal  view  of  one  of  the  commonest  Silurian  trilo- 
bites ;  vi\  Cyphaspis  christyi  Hall,  dorsal  view.  Pelecypoda:  ww,  Pterinea  emacerata 
(Con.),  exterior  view  of  the  left  valve.  Gastropoda:  xx,  Loxonemn  leda  Hall; 
yy,  SubuIitesvmtricosusllaW:  zz,Platyostoma  nio^areTWts  Hall,  views  of  three  types 
of  Silurian  coiled  shells.     (Weller.) 

(Page  403) 
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stood  the  vicissitudes  of  the  passage  from  the  Ordovician  to  the  Silu- 
rian with  no  loss  to  the  prestige  of  the  class,  though  they  suffered 
an  almost  entire  change  of  species  and  a  very  large  change  of  genera. 
When  it  is  considered  that  the  brachiopods  were  among  the  most 
resistant  and  conservative  of  the  invertebrates,  this  large  change  of 
species  and  genera  emphasizes  the  stress  of  the  conditions  that  con- 
trolled the  transition,  as  well  as  the  biologic  importance  of  the  interval 
of  transition. 

The  brachiopods  remained  the  most  abundant  organisms  of  the 
Mid-Silurian  fauna,  and  shared  with  the  crinoids,  corals,  and  cephalo- 
pods  the  leading  places.  They  had  gained  greatly  in  differentiation, 
and  had  made  some  notable  advances  in  structure.  On  the  whole 
they  were  more  robust  and  gave  more  obvious  signs  of  abimdant  vitality 
than  in  preceding  periods.  The  curious  concavo-convex  forms  were 
less  abundant,  though  not  wanting.  There  was  a  great  increase  in  the 
spire-bearing  genera.  One  of  these,  the  Spirifer,  named  from  its 
fine  brachial  spires,  is  especially  interesting.  It  had  acquired  a  double 
provision  against  the  forcing  of  its  shell  by  devCioping  a  long  hinge 
line  at  the  back  and  a  strong  interlocking  fold  and  sinus  at  the  front, 
and,  in  addition,  its  biconvex  shell  was  usually,  though  not  always, 
well  plicated  (Fig.  187,  p).  The  hinge  line  was  not  very  greatly  extended 
during  the  Silurian  period,  but  became  remarkably  elongate  in  the 
Devonian.  The  Spirifers  appeared  first  in  this  period,  but  had  their 
greatest  development  in  the  two  periods  following. 

It  is  interesting  to  note  that  along  with  the  progressive  develoj)- 
ments  there  were  retrogressive  modifications.  Most  of  the  brachio- 
pods were  mounted  upon  or  attached  by  a  pedicle  which,  while  fixing 
them  to  the  bottom  or  to  some  object,  gave  them  some  degree  of  free- 
dom. But  the  Crania  lost  the  functional  use  of  the  pedicel  at  an  early 
stage  in  the  individual's  life,  and  became  cemented  to  other  shells,  or 
some  like  object,  thus  losing  their  freedom  of  motion.  Notwithstand- 
ing this,  the  family  was  more  abundant  than  in  preceding  periods, 
and  the  degenerate  development  was  apparently  advantageous. 

Among  the  beaked  shells,  the  Pentavierus  family  became  the  most 
conspicuous  and  characteristic  tyjxj  (and  gave  name  to  certain  beds^. 
The  Peniamerus  ohlorujus  (Fig.  187,  o)  was  the  largest  and  one  of  the 
most  common  of  the  Silurian  brachiopods.  The  Pentamenis,  like  the 
Trimerella  (Fig.  187,  r,  s),  developed  remarkable  processes  on  the  interior 
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of  the  shell  for  the  apparent  purpose  of  shortening  the  muscles  and 
giving  them  better  attachment,  and  also  to  better  adapt  the  interior 
to  the  visceral  parts.  Similar  structural  devices  appear  in  other  families. 
This  mode  of  securing  economy  or  advantage  appeared  in  Ordovician 
times,  though  it  was  then  rare. 

Three  brachiopod  species  which  survived  the  vicissitudes  of  the 
transition  from  the  Ordovician  have  already  been  mentioned.  In 
the  St.  Lawrence  embayment,  where  there  was  less  disruption  of 
continuity,  at  least  two  other  species  passed  from  the  earlier  period 
to  the  middle  of  the  later.  In  Europe,  the  transition  seems  to  have 
been  easier,  and  more  species  survived  it. 

The  decline  of  the  bryozoans.  —  The  coraUike  bryozoans  con- 
tributed much  less  material  to  the  Silurian  limestones  than  to  those 
of  the  preceding  period.  This  was  partly  because  the  whole  class 
had  declined  in  abundance,  and  partly  because  the  more  massive  coral- 
line type  had  fallen  off  relatively,  and  was  largely  replaced  by  the 
more  delicate  reticulate  forms,  such  as  Fenestella  (Fig.  188,  /  and  g). 
This  change  was  probably  advantageous,  since  a  given  number  of 
individuals  arranged  in  such  a  plexus  would  compass  a  larger  area 
of  food  supply  than  in  the  more  crowded  form  of  the  massive  type 
and  at  the  same  time  would  not  seriously  sacrifice  their  connection 
with  one  another.  The  incrusting  forms  of  bryozoans  became  com- 
mon, and  often  covered  entirely  the  shells  of  moUusks  and  brachiopods. 

The  contmued  dominance  of  the  cephalopods. — Except  as  possibly 
rivaled  or  overmastered  by  the  little-known  vertebrates,  the  cephalo- 
pods remained  the  most  powerful  of  the  known  inhabitants  of  the 
Silurian  seas.  The  large  straight  orthoceratites  were  less  prevalent 
than  before,  though  still  common,  while  the  curved  and  coiled  forms 
were  more  numerous.  The  orthoceratites  were  more  varied  in  external 
markings,  some  remaining  smooth,  some  being  fluted  longitudinally, 
and  some  being  annulated  by  roimded  rings  or  wavy  lines  (Fig.  187, 1), 
while  others,  by  a  combination  of  longitudinal  and  transverse  mark- 
ings, developed  a  reticulate  ornamentation.  Curved  forms  were  the 
most  nimierous,  and  fully  coiled  forms  were  common.  These  were 
ornamented  externally  like  the  straight  forms,  but  they  were  still 
quite  plain  in  comparison  with  the  remarkable  ornamentation  which 
the  coiled  forms  assumed  in  later  times.  The  apertures  of  the  cephalo- 
pod  shells  of  the  Ordovician  were  usually  circular  or  oval,  but  in  the 
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Silurian  times  they  often  became  curiously  constricted  (Fig.  187,  m-n). 
This  appears  to  have  been  a  protective  device  and  implies  that  the 
creature,  although  a  member  of  the  dominant  type,  had  aggressive 
foes.  The  device  is  noted  chiefly  in  the  rather  small  curved  or  coiled 
forms,  and  may  signify  no  more  than  the  attacks  of  superior  cephalo- 


FiG.  1S8. — Corals:  a,  Favosites  occidens  Whit.;  6,  Syringopora  verticillafa  Goldf.; 
r,  HalysUes  catenulatus  Linn.;  d,  Goniophyllum  pyramidale  (His.) ;  c,  Zaphrcntu 
umbonata  Roming.     Bryozoa:  f,  g,  Fenestelh  parvuUpora  Hall. 

pods.  It  probably  means  increased  slowness  and  inability  to  escape 
by  flight,  for  the  animal  could  hardly  have  used  his  locomotive  organs 
to  advantage  through  such  constricted  openings.  The  device  did 
not  long  continue,  and  it  doubtless  proved  but  a  poor  advantage, 
and  that  for  a  brief  season  only  when  conditions  were  peculiar. 

The  slow  advance  of  the  gastropods  and  pelecypods. — Although  the 
gastropods  were  fairly  well  represented  in  the  Cambrian  period,  and 
quite  amply  in  the  Ordovician,  they  developed  only  a  measured  impor- 
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tance  in  the  Silurian.  They  show  advances  in  the  preponderance  of 
elevated  spires,  in  increased  variety  of  form,  and  often  in  their  large 
sizes;  but  forms  coiled  in  low  spires,  or  in  a  plane,  were  still  well  repre- 
sented (Fig.  187,  XX J  yy,  zz).  The  pteropods  were  few,  but  the  peculiar 
form  Ccmvlaria  was  an  interesting  representative. 

The  pelecypods  (Fig.  187,  vyw)  were  not  as  well  represented  in  the 
Mid-Silurian  beds  as  they  were  in  the  Ordovician,  perhaps  because 
the  calcareous  bottoms  were  less  congenial  to  them.  Some  of  the 
forms,  however,  were  quite  robust  and  displayed  notable  advances 
over  previous  forms. 

Coral  development  and  the  inauguration  of  reef-building. — The 
prominence  gained  by  the  corals  in  suitable  situations  is  one  of  the 
notable  features  of  the  Silurian  fauna.  In  the  Ordovician  period  the 
simple  forms  predominated  over  the  compound.  The  ratio  was  now 
reversed,  and  the  latter  became  very  abundant.  Among  the  notable 
types  was  the  unique  chain  coral  Halysites  (Fig.  188,  c),  which  was 
occasionally  present  in  the  Ordovician,  but  now  became  abundant; 
the  honeycomb  coral,  Favosites  (Fig.  188,  a),  accompanied  by  a  group 
of  allied  genera;  the  organ-pipe  coral,  Syringopora  (Fig.  188,  6),  and 
the  cup  coral,  Zaphrentis  (Fig.  188,  e).  A  most  peculiar  coral  of  the 
simple  class  was  Goniophyllum  (Fig.  188,  d),  which  instead  of  assuming 
the  usual  conical  cup  form  took  on  a  quadrangular  shape  and  was  pro- 
vided with  a  cover  (operculum)  of  four  triangular  plates  hinged  to 
the  four  sides  of  the  cup's  margin,  so  that  when  closed  they  formed 
a  pyramid  over  the  cup  (Fig.  188,  d;  only  two  of  the  opercular  plates 
showTi).  This  was  a  protective  device  quite  unknown  among  modern 
corals. 

With  their  increase  in  abundance,  the  corals  acquired  the  habit 
of  associating  themselves  together,  which  resulted  in  the  accumu- 
lation of  coralline  debris  and  the  formation  of  reefs  which,  as  they 
grew,  rose  above  the  common  sea-bottom  and  secured  the  benefits 
of  purer  water  and  more  active  circulation.  The  known  coral  reefs 
appear  to  have  stood  some  distance  from  shore,  and  to  have  been 
of  the  barrier  type.  Other  life  in  great  abundance  and  variety  gathered 
upon  or  about  these  reefs,  and  they  became  rich  depositories  of  the 
ancient  faunas.  The  reef-forming  habit  appears  to  have  been  local 
rather  than  general,  for  over  large  tracts  corals  are  found  scattered 
in  a  markedly  distributive  fashion. 
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The  initial  decline  of  the  trilobites. — No  new  families  of  trilobites, 
so  far  as  known,  were  introduced  during  the  period.  Some  new  genera 
were  added  and  many  new  species,  but  these  did  not  offset  the  dis- 
appearance of  old  ones,  and  the  class,  though  still  important,  may  be 
regarded  as  having  already  entered  upon  its  decline,  so  far  as  prevar 
lence  was  concerned.  This  was  not  true  apparently  in  respect  to  the 
rank  of  certain  leading  types,  which  continued  to  advance  in  organi- 
zation. The  highest  Silurian  forms  were  structurally  equal,  and  per- 
haps superior,  to  any  that  preceded.  The  causes  which  induced  the 
decline  in  numbers  do  not  seem  to  have  been  incompatible  with  indi 
vidual  and  generic  progress.  Singularly  erratic  developments  of  form 
attended  the  decline  of  the  trilobites,  some  features  of  which  are  shown 
in  Fig.  187,  y,  z,  and  U.  Less  erratic  types  of  trilobites  are  shown  in 
Fig.  187,  uu,  w. 

Other  crustaceans. — In  addition  to  the  trilobites,  ostracodes  were 
not  uncommon,  and  their  little  bivalve  shells  are  sometimes  abundant 
as  fossils.  The  ceratiocarids  were  also  present.  In  view  of  the  remark- 
able development  of  a  distinctly  crustacean  fauna  in  the  last  stages 
of  the  period,  the  scantiness  of  these  crustaceans  in  the  Mid-Silurian 
epoch  is  notable. 

Other  marine  invertebrates. — There  was  a  most  prolific  field  of 
sponges  in  western  Tennessee,  where  the  conditions  were  not  only 
congenial  to  their  growth  but  favorable  to  their  preservation.  The 
most  abundant  genus  was  Astylospongia  (Fig.  187,  A;),  a  more  or  less 
spherical  form  characterized  by  notably  grooved  siniaces.  A  saucer- 
shaped  form,  Asirceospongia  meniscus  (Fig.  187,  j),  was  also  abundant. 

Mr.  G.  F.  Harris  has  recently  foimd  that  sponges  form  the  nuclei 
of  chert  nodules  in  the  Chicago  region.  The  genera  Astylospongia, 
Aulocopina,  and  Hindia  have  been  identified. 

The  peculiar  Receptdculites  family,  whose  zoological  affinities  were 
long  in  doubt,  was  still  present,  but  chiefly  represented  by  Ischadites. 

The  graptolites  had  lost  much  of  the  importance  they  possessed 
in  Ordovician  times,  and  in  the  course  of  the  period  approached  extinc- 
tion. Sea  worms  are  recognized  through  their  jaws,  tracks,  and  bur- 
rows, and  by  the  calcareous  tubes  which  some  of  them  secreted. 

The  scant  record  of  the  vertebrates. — In  the  earlier  and  Mid-Sil- 
m-ian  deposits  very  few  relics  of  fishes  and  fish-like  organisms  have 
been  foimd,  and  these  few  are  very  imperfect.    Near  the  close  of  the 
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period,  Silurian  fishes  were  somewhat  abundant  and  will  be  considered 
in  connection  with  the  closing  Silurian  fauna. 

Marine  plants. — Knowledge  of  marine  plant  life  remains,  as  before, 
veiy  unsatisfactory.  While  theoretically  it  must  have  been  abundant, 
only  obscure  markings  of  the  fucoidal  type  and  a  few  evidences  of 
higher  forms  have  been  found,  and  the  interpretation  of  these  is  more 
or  less  doubtful. 

Foreign  Faunas  and  Migratory  Relations. 

Deferring  the  consideration  of  the  peculiar  closing  fauna  for  a  moment, 
the  foreign  relations  of  this  rich  and  varied  Mid-Silm-ian  assemblage 
claim  attention.  The  general  progress  of  life  on  other  continents,  so 
far  as  known,  was  similar  to  that  on  the  American,  but  perhaps  less 
pronounced  and  symmetrical.  A  part  of  this  similarity  of  progress 
was  doubtless  due  to  parallel  evolution  under  similar  general  condi- 
tions, while  a  part  was  quite  certainly  due  to  intermigration  Where 
the  forms  on  different  continents  were  merely  similar,  it  is  at  present 
an  open  question  whether  the  similarity  was  due  to  intermigration 
with  modification  or  to  independent  evolution  along  similar  lines;  but 
where  the  forms  on  separate  continents  are  specifically  identical,  espe- 
cially if  the  species  be  peculiar  and  aberrant,  it  may  safely  be  assumed 
that  they  had  a  common  origin,  and  that  migration  is  indicated.  A 
striking  case  of  this  kind  is  presented  by  the  quadrangular  operculated 
coral  Goniophyllum  pyramidalej  already  mentioned  (Fig.  188,  d),  which 
is  found  with  identical  idiosyncrasies  in  the  island  of  Gothland  in  the 
Baltic  Sea,  and  in  Iowa.  This  evidence  of  migration  is  much  strength- 
ened by  the  presence  in  Gothland  of  three  peculiar  genera  of  crinoids 
that  are  also  found  in  the  upper  Mississippi  region.  Besides  such 
special  cases,  many  prominent  and  familiar  species  were  common  to 
America  and  Europe,  among  which,  neglecting  the  wide-ranging  grapto- 
lites,  were  Favosites  goMandica,  Halysites  catenulatus,  Heliolites  inter- 
stinctus,  Dalmanella  elegantula,  Pentamerus  oblongus,  Spirifer  radiatus, 
Rhynchotreta  cuneaJta,  Atrypa  reticularis,  Orthoceras  annvlatum,  Homa-- 
Umotus  delphinocephdlus,  and  others.  Some  of  these  are  also  found 
in  Asia,  Australia,  and  New  Zealand.  Silurian  genera  occur  in  Bolivia, 
Peru,  and  Brazil,  some  species  of  which  resemble  North  American  and 
European  species,  but  they  have  not  been  proved  to  be  identical.  Migra- 
tory connections  in  this  case  cannot  be  affirmed,  but  such  connections 
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with  Europe,  Asia,  Australia,  and  New  Zealand  may  be  assumed  as 
established.  Since  thirty  or  more  species  ^  are  known  to  be  common 
to  North  America  and  Europe  (the  interior  of  North  America  and 
Sweden  and  Great  Britain),  and  since  these  embrace  a  wide  range  of 
genera  of  very  different  habits,  there  is  a  strong  presumption  of  rather 
intimate  relations.  The  lines  of  intercommunication  therefore  become 
matters  of  interest  biologically  and  geographically. 

The  migratory  route. — The  most  marked  community  of  species  is 
observed,~not  between  the  Atlantic  border  fauna  of  America  and  that 
of  the  opposite  coast  of  Europe,  but  between  the  interior  American 
fauna  and  that  of  Sweden  and  Great  Britain.  Singularly  enough, 
it  is  the  interior  fauna  that  is  pronouncedly  intercontinental  and  cos- 
mopolitan in  character.  It  has  already  been  stated  that  the  interior 
sea  seems  to  have  had  no  free  communication  with  the  eastern  and 
southern  coast  regions,  and  that  an  extension  to  the  far  west  is  doubt- 
ful, while  to  the  northward  a  chain  of  deposits,  now  separated  by  ero- 
sion but  probably  once  continuous,  points  to  a  broad  thoroughfare 
in  that  direction  (see  map  Fig.  174  and  Fig.  190).  This  reaches  to 
North  Greenland,  from  wliich,  by  way  of  Spitzbergen,  Nova  Zerabla, 
and  North  Russia  to  Gothland  in  the  Baltic,  the  steps  are  not  excessively 
great.  The  supposed  connecting  fauna  has  not,  however,  yet  been 
identified  in  the  imperfectly  known  Paleozoic  beds  of  Spitzbergen, 
Nova  Zembla,  and  North  Russia.  There  is  a  possible  alternative  by 
way  of  the  Iceland-Scotland  submerged  plateau,  and  still  another 
alternative  by  way  of  the  northwestern  or  Siberian  route. 

The  paleontologic  evidence  favors  a  northern  route,  for  the  fauna 
of  the  Arctic  islands  contains  many  species  common  to  the  American 
interior  province  and  the  Swedish-English  province.  It  is  significant 
that  the  Mid-Silurian  fauna  of  Sweden  more  closely  resembles  that 
of  the  American  interior  than  it  does  that  of  New  York.  Relative 
to  the  assigned  northern  thoroughfare,  the  New  York  area  was  a  side- 
gulf  or  embayment  less  readily  reached  by  immigrants  from  the  north 
than  were  the  more  open  seas  to  the  west.  The  very  singular  com- 
munity of  aspect  recently  shown  to  exist  between  the  faunas  of  Goth- 
land, Sweden,  and  Dudley,  England,  and  the  lowa-IUinois-Wisconsin 
region  give  special  emphasis  to  this.'    CroicUocrimis,  one  of  the  most 

1  PhUlips,  Man.  Geol,  Pt.  II,  1885,  p.  122. 

'  WeUer,  Jour,  of  Geol.,  Vol.  IV,  1896,  pp.  166-173,  and  Vol.  VI.  1898,  pp.  692-703. 
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singular  and  highly  specialized  genera  of  crinoids,  together  with  the 
genus  CorymbocriniiSj  are  common  to  the  Gothland  and  the  Chicago 
faunas.  PeUibcrinus,  another  highly  specialized  genus,  is  conmion 
to  Gothland,  Iowa,  and  Indiana.  The  peculiar  little  twisted  brachio- 
pod  Streptis,  of  Europe,  also  occurs  at  Batesville,  Ark.,  as  do  the 
peculiar  trilobites  Deiphon  and  Staurocefhalus,  which  occur  also  at  Chi- 
<jago.  The  notable  case  of  the  square-topped  operculated  coral  has 
already  been  mentioned.  The  presence  of  these  several  very  peculiar 
and  specialized  forms  at  these  localities  on  the  two  continents,  taken 
in  connection  with  the  many  less  peculiar  forms,  clearly  implies  free 
intermigration  and  points  with  probability  to  the  northern  route. 

The  faunas  that  occupied  the  Appalachian  trough,  the  St.  Lawrence 
embayment,  and  the  Atlantic  coast  appear  to  have  had  only  indirect 
and  limited  connection  with  that  of  the  interior  during  the  earlier  and 
Mid-Silurian  epochs.^  In  the  present  state  of  knowledge,  these  bear 
the  aspect  of  provincialism,  as  they  have  only  a  few  species  com- 
mon to  the  great  cosmopolitan  fauna  of  north  central  America  and 
northern  Europe. 

The  Closing  Resirictional  Stage. 

Following  the  luxuriant  life  of  the  Mid-Silurian  epoch,  there  came, 
in  North  America  at  least,  a  very  notable  decline  due  to  the  with- 
drawal of  the  epicontinental  waters  from  the  larger  part  of  the  interior 
and  to  the  conversion  of  the  remainder  into  an  excessively  salt  sea. 
In  the  deposits  (SaUna)  of  this  sea  abnost  no  fossils  are  found  The 
tract  of  excessively  briny  water  appears  to  have  formed  a  veritable 
*'  dead  sea,''  though  it  was  perhaps  not  absolutely  devoid  of  life.  This 
almost  lifeless  sea  was  a  peculiar  and  rather  local  development,  and 
is  to  be  regarded  as  a  striking  incident  only  in  the  more  general  restric- 
tional  movement.  In  addition  to  this  special  feature,  the  life  evolu- 
tion appears  to  have  been  affected  by  the  partial  replacement  of  the 
marine  fauna  by  a  fresh  or  brackish-water  fauna,  another  imusual  fea- 
ture, at  least  one  not  before  clearly  recorded.  It  cannot  be  said,  how- 
ever, that  this  was  certainly  true,  but  it  appears  to  us  the  better  of  the 
two  interpretations  that  will  presently  be  set  forth.  If  this  be  correct, 
the  rich  marine  fauna  which  prevailed  so  widely  in  the  Mid-Silurian 
times  suffered  restriction  in  the  closing  Silurian  stages  not  only  to  the 

'  Ulrich  &  Schuchert,  Rep.  N.  Y.  St.  Pal.,  1901,  pp.  647-651.  Weller,  Geol.  Surv. 
N.  J   Pal.,  Vol.  Ill,  1901,  pp.  72-76. 
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extent  of  the  increase  of  the  land  area,  but  also  to  the  extent  that  sea- 
water  was  replaced  by  water  bodies  too  salt  or  too  fresh  for  the  strictly 
marine  life. 

The  importance  of  recognizing  the  fresh-water  or  brackish-water 
faimas,  if  they  really  were  such,  lies  in  the  fact  that  they  did  not  con- 
stitute a  relief  or  a  resilience  from  the  restrictional  movement  of  the 
marine  fauna,  but  intensified  it.  They  were  a  feature  of  the  reciprocal 
expansional  evolution  of  the  land  life  in  the  broader  sense  of  that 
term  which  includes  the  life  of  the  land  waters  as  well  as  that  of  the 
land  itself.  The  life  of  the  land  and  land-waters  expanded  and  con- 
tracted together  in  general,  and  in  a  phase  opposite  to  that  of  the  sea. 
The  faima  which  brings  up  this  interesting  question  is  that  of  the  Water- 
lime  to  which  we  now  turn. 

The  advent  of  a  remarkable  crustacean  fauna. — The  Waterlime 
beds  represent  a  gradual  return  of  the  Salina  basin  to  a  condition  hos- 
pitable to  life.  The  faima  contained  in  these  beds  is  limited,  but  most 
interesting  and  suggestive.  In  its  dominant  aspect  it  was  a  radical 
departure  from  that  of  Mid-Silurian  stage,  in  that  most  of  the  familiar 
marine  types  were  absent,  while  its  signal  feature  was  an  abimdance 
of  large  crustaceans  of  types  barely  represented  before.  The  most 
characteristic  of  these  were  the  great  Eurypterus  (Fig.  189,  a)  and  the 
still  more  gigantic  Pierygotus  (Fig.  189,  6).  The  former  reached  a 
length  of  one  and  a  half  feet  or  more,  and  the  latter  attained  in  the 
next  period  (Devonian),  to  which  this  stage  was  a  transition,  a  length 
of  over  six  feet.  For  crustaceans,  these  were  truly  gigantic  dimen- 
sions, and  were  probably  never  surpassed.  These  giants  among  their 
kind  seem  clearly  to  have  been  aquatic  forms,  but  whether  they  were 
primarily  marine  or  fresh-water  habitants  is  not  so  obvious.  They 
are  wholly  extinct,  and  their  habitat  can  only  be  inferred  from  their 
associations.  Some  crustacean  fragments  that  seem  to  belong  to 
the  same  subclass  as  the  eurypterids  {Merostomata)  have  been  found 
by  Walcott  in  Pre-Cambrian  beds,^  but  their  associates  are  too  few 
to  throw  much  light  on  this  question,  though  they  favor  a  marine 
habitat.  A  very  few  eurypterids  appear  in  the  Ordovician,  where 
they  are  associated  with  marine  invertebrates.  In  the  Waterlime 
beds  they  are  associated  with  ceratiocarids  and  ostracodes  which  are 
usually  marine,  and,  very  rarely,  with  certain  brachiopods,  which 
>  BuU.  Geol.  Soc,  Am.,  Vol.  X,  pp.  199-224,  1899. 
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are  marine.  In  the  transition  beds  of  England,  Sweden,  and  Russia, 
the  eurypterids  are  associated  more  freely  with  marine  forms,  but  they 
are  also  associated  with  the  seeds  of  land  plants  and  with  fish  which, 
in  the  succeeding  stage,  seem  to  have  occupied  land  waters  chiefly. 
In  the  Devonian  and  Carboniferous  periods,  in  which  the  eurj^pterids 
reached  their  climax  and  passed  into  their  decline,  and  where  they 
seem  to  have  been  in  their  more  normal  relations,  they  are  associated 
with  land  plants,  scorpions,  insects,  fishes,  and  fresh-water  amphibians, 


Fig.  189. — a,  Euryptenis  fischeri  Eich.,  restoration  after  Schmidt ;  b,  Pterogotus  anglicus 
Agass.,  restoration  after  Woodward;  c,  Palwophonus  caledonicus  Hunter,  after 
Peach;  d,  Palceaspis  americana  Claypole,  restoration  by  Clay  pole,  modified  by 
Dean. 


which  seem  to  imply  a  fresh-water  habitat.  In  the  light  of  these 
facts  the  more  common  inference  has  been  that  they  were  originally 
marine  forms,  and  became  adapted  later  to  brackish  and  fresh-water 
conditions.^  The  alternative  inference  is  that  they  were  originally 
denizens  of  the  land  waters,  and  that  their  remains  were  occasionally 
and  sometimes  quite  freely  carried  out  to  sea  by  streams,  and  were 

«  See  Zittel's  Text-book  of  Paleontology,  Eastman's  Translation,  1900,  p.  673. 
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thus  fossilized  with  marine  forms.  Their  occasional  presence  in  the 
earlier  periods  is  thus  explained,  while  their  seemingly  sudden  appear- 
ance in  abundance  and  in  gigantic  forms  in  the  closing  Silurian,  and 
their  prominence  in  the  land-water  deposits  of  the  Devonian  and  Car- 
boniferous finds  ready  explanation  in  the  fact  that  these  are  the  first 
well-preserved  fossil-bearing  deposits  of  land  waters.^  In  these  deposits 
the  eurypterids  often  appear  without  any  marine  associates,  while 
occasionally  there  are  some  marine  or  at  least  brackish-water  forms 
associated  wth  them,  implying  either  that  they  lived  in  brackish 
or  salt  water  at  times,  or  that  their  remains  were  carried  out  into  such 
waters  by  the  land  streams  or  estuarine  currents. 

These  doubts  as  to  the  habitat  of  the  eurypterids  lend  special  inter- 
est to  their  fine  development  in  the  Waterlime  beds  from  which  mol- 
lusks,  crinoids,  corals,  and  similar  marine  forms  are  ahnost  entirely 
absent.  The  few  brachiopods  found  are  usually  pauperitic,  as  though 
they  lived  in  uncongenial  conditions.  The  occasional  presence  of  a 
few  undoubted  marine  forms  does  not  so  much  indicate  that  the  waters 
were  habitually  saline  as  merely  that  they  were  occasionally  and 
partially  so. 

It  is  suggestive,  in  this  connection,  to  note  that  these  great  crusta- 
ceans, appearing  thus  abruptly  in  the  Waterlime  deposits,  are  not 
found  in  the  true  marine  beds  that  overlie  the  Waterlime,  as  might 
be  expected  if  they  were  true  marine  types  recently  come  into  the 
seas,  or  into  fossilizable  form.  It  seems,  therefore,  rather  more  rea- 
sonable to  regard  their  normal  habitat  as  connected  with  the  special 
conditions  that  prevailed  during  the  Waterlime  formation,  than  with 
the  typical  conditions  of  the  sea.  The  Waterlime  formation  is  uni- 
versally regarded  as  representing  a  stage  of  emergence  from  the  exces- 
sively salt  Salina  stage.  Emergence  from  this  stage  might  take  either 
of  two  forms — (1)  The  connection  of  the  basin  with  the  sea  might 
have  become  more  ample,  and  the  excessive  saltiness  of  the  water  might 
be  reduced  by  interchanging  currents  to  the  normal  salinity  of  the 
sea.  In  this  case  the  marine  life  should  creep  back  into  the  region  in 
proportion  to  its  endurance  of  briny  water,  and  the  fauna  should  always 
be  truly  marine.  (2)  On  the  other  hand,  without  any  material  change 
in  the  attitude  of  the  surface  or  in  its  connections  with  the  sea,  the 

»  On  the  Habitat  of  the  Early  Vertebrates,  T.  C.  Chamberlin,  Jour.  GeoL,  Vol.  VIII, 
1900,  pp.  400-412. 
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precipitation  might  be  increased,  or  the  evaporation  lessened,  or  both, 
and  as  a  result,  the  waters  of  the  basin  would  become  brackish  and 
even  quite  fresh,  where  joined  by  streams,  and  would  thus  permit 
the  introduction  of  a  fresh-water  faima  from  the  adjacent  land  waters. 
If,  at  the  same  time,  the  limited  and  perhaps  intermittent  connection 
with  the  sea  still  obtained,  as  it  appears  to  have  done  during  the  Salina 
stage,  there  would  also  be  some  opportimity  for  the  introduction  of 
marine  forms  from  the  sea,  especially  at  and  near  the  points  of  such 
connection.  The  variations  in  the  ratio  of  precipitation  to  evapora- 
tion might  naturally  lead  to  variations  in  the  constitution  of  the 
water  of  the  basin,  and  hence  to  conditions  favorable  to  variation  in 
the  faunas,  and  to  the  mixing  of  those  marine  and  fresh-water  species 
that  could  stand  the  greatest  variation  in  salinity.  This  latter  inter- 
pretation is  dynamically  the  simpler  and  seems  to  us  the  better  to  fit 
the  fossil  evidence. 

Eurypterids  appeared  prominently  about  this  time  in  the  faunas 
of  certain  beds  in  England,  Wales,  Scotland,  Sweden,  and  Russia.  In 
these  regions  there  is  no  association  wdth  salt  deposits,  a  fact 
which  seems  to  imply  that  high  salinity,  as  such,  was  not  an  essential 
condition.  There,  as  in  America,  the  eurypterids  do  not  pass  up  into 
such  of  the  overlying  beds  as  are  well  stocked  with  marine  fossils, 
although  there  is  more  or  less  association  with  certain  marine  forms* 
On  the  contrary,  they  seem  to  pass  up  into  deposits  of  the  "  Old  Red 
Sandstone  "  type,  whose  other  fossils  are  chiefly  land  plants  and  fishes. 
In  the  Coal  Measures  of  both  continents  similar  eurypterids  are  found 
fossilized  with  numerous  delicate  ferns,  as  though  they  had  been  buried 
together  in  some  quiet  body  of  inland  water.  While  these  associa- 
tions are  not  entirely  decisive,  they  lend  some  notable  strength  to  the 
inference  that  these  large  crustaceans  were  fresh-  or  brackish-water 
forms  rather  than  true  marme  forms,  and  to  the  further  inference  that 
the  peculiarities  of  the  fauna  of  which  they  are  a  conspicuous  factor 
were  dependent  upon  the  conditions  of  terrestrial  or  semi-terrestrial 
waters,  rather  than  upon  those  of  true  sea-waters. 

The  appearance  of  scorpions. — It  is  at  this  time  also  that  the  earliest 
known  scorpions  appeared  both  in  America  (New  York)  and  Europe 
(Scotland  and  Sweden).  These  were  allied  to  the  eurypterids,  and 
their  association  lends  something  of  force  perhaps  to  the  preceding 
considerations.    The    European   forms   have    been   thought    to   show 
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Fig.  190. — Bathymetric  chart  of  the  north  polar  seas,  suggesting  routes  of  migration 
for  marine  organisms.     (After  Nansen.) 
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breathing  pores,  and  hence  to  be  land  species,  as  are  the  present  forms, 
but  this  has  been  questioned.  The  sting  and  the  poison  glands  have 
been  identified,  and  the  significant  name  Palceophoniis,  "  ancient  mur- 
derer," applied  in  consequence  (Fig.  189,  c).  Whitfield,  however,  thinks 
that  the  American  species  may  have  been  aquatic. 

The  presence  of  fishes. — The  addition  of  fishes  emphasizes  the 
pecularities  of  this  fauna.  Except  for  their  singular  occurrence  in  Colo- 
rado in  the  Ordovician,  fish  remains  have  not  been  foimd  in  America 
until  this  stage.  Palceaspis  americana  (Fig.  189,  d),  a  low  fish-like 
form  referred  to  the  ostracoderms,  has  been  described  by  Claypole 
from  Pennsylvania.  In  Europe  a  few  fishes  appear  somewhat  earlier 
than  this  in  the  Ludlow  formation,  but  nearly  all  the  fish  remains  of 
the  period  occur  in  the  very  highest  horizons  regarded  as  Silurian, 
or  in  the  deposits  that  form  the  transition  to  the  Devonian  period, 
where  they  are  associated  with  eurypterids  and  land  plants,  as  well 
as  marine  invertebrates.  It  would  appear  from  the  remains  that 
fishes  were  rather  abundant  and  varied  in  their  development  at  cer- 
tain stages.  The  relics,  however,  are  fragmental  and  embrace  teeth, 
dermal  plates,  spines,  shagreen  scales,  etc.  These  fishes  appear  to 
have  been  the  forerunners  of  the  abimdant  fishes  of  the  Old  Red  Sand- 
stone (Devonian)  into  which  the  transition  beds  of  Great  Britain  gradu- 
ate, and  as  these  Old  Red  Sandstone  beds  were  probably  land-water 
deposits,  the  association  of  the  fish  with  the  eurypterids  and  with 
land  plants  carries  some  further  presumption  that  the  peculiar  crusta- 
cean fauna  lived  normally  in  land  waters.  It  is  not  to  be  overlooked, 
however,  that  in  the  transition  beds  the  fishes  are  also  associated  with 
marine  fossils,  and  there  is  no  question  that,  before  the  close  of  the 
Devonian  period,  certain  fishes  at  least  became  truly  marine.  It  b 
therefore  entirely  consistent  with  either  view  of  the  place  of  origin 
of  fishes  to  regard  these  as  marine  forms,  or  as  forms  frequenting  both 
salt  and  fresh  water.  It  is  to  be  noted  further  that  not  a  few  of  the 
forms  conveniently  referred  to  here  as  fishes  were  probably  ostraco- 
derms which  have  certain  arthropod  characters  and  are  not  unlikely 
to  be  made  a  separate  class,  as  will  appear  later. 


CHAPTER  VIII. 
THE  DEVONIAN   PERIOD. 

Formations  and  Physical  History. 

The  division  plane  between  the  Silurian  and  Devonian  systems  is  • 
less  clearly  marked  than  that  between  the  Silurian  and  the  Ordovician. 
As  already  indicated,  there  is  difference  of  opinion  as  to  T^^ether  the 
Helderberg^  formation  belongs  to  the  one  system  or  to  the  other. 

Whatever  the  final  reference  of  the  Helderberg  formation,  its  rela- 
tions to  the  immediately  precedmg  and  succeeding  formations  serv^e 
to  show  that  the  separation  of  the  Devonian  from  the  Silurian  is  less 
distinct  than  that  of  the  Silurian  from  the  Ordovician.  Under  either 
of  these  points  of  view,  the  sea  again  invaded  the  land  early  in  the 
Devonian  period,  perhaps  establishing  some  such  relations  as  shown 
in  Fig.  191.  During  the  period,  there  were  changes  in  the  relations 
of  land  and  water,  some  of  which  were  of  great  importance  in  their 
efifects  on  the  life  of  the  period.    These  will  be  noted  later. 

The  subdivisions  of  the  Devonian  which  have  been  commonly 
recognized  in  America  (the  Helderberg  being  included)  are  as  follows, 
the  several  formations  being  numbered  in  chronological  (and  strati- 
graphical)  order: 

5.  Chemung-Catskill: 

Chemung. 

Portage. 
4.  Hamilton: 

Hamilton. 

Marcellus. 
3.  Corniferous: 

Comiferous. 

Schoharie  and  Cauda  Galli. 
2.  Oriskany. 
1.  Helderberg. 

"  As  originally  classified,  there  was  a  Lotoer  and  an  Upper  Helderberg  formation. 
The  latter  is  now  more  commonly  known  as  the  Onondagan  (Comiferous).  In  this 
volume  the  term  Helderberg  is  applied  to  the  former  only.  The  adjective  "lower" 
therefore  becomes  superfluous. 

418 


THE  DEVONIAN  PERIOD. 


419 


Fig.  191. — ^Map  of  North  America,  showing  the  outcrops  of  the  Helderberg  formation 
and  the  relations  of  land  and  water  during  the  Helderberg  epoch.  The  conven- 
tions are  the  same  as  in  the  earlier  maps  of  the  series. 
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The  recently  revised  classification  for  New  York  ^  is  as  follows: 

Chautauquan.  .      Chemung  (including  Catskill) 


Devonic. 


Neodevonic. 


Mesodevonic. 


Paleodevonic. . 


{Portage  beds 
Genesee  shale 
Tully  limestone 


Erian. 


{Hamilton  shale 
Marcellus  shale 


{Onondaga  (Corniferous)  limestone 
Schoharie  grit 
Esopus  grit 


Oriskanian Oriskany  beds 

Helderiiergian. 


Kii^gston  beds 
Becraft  limestone 
New  Scotland  beds 
,  Coeymans  limestone 


The  new  classification  has  an  advantage  over  the  old  in  that  the 
same  name  is  not  used  to  indicate  subdivisions  of  different  importance, 
but  th6  disadvantage  of  adding  to  the  burden  of  nomenclature. 
The  term  Devonian  will  be  retained  instead  of  Devonic,  and  Lower, 
Middle,  and  Upper  Devonian,  as  synonyms  for  Paleo-,  Meso-,  and  Neo- 
Devonic,  respectively.  The  subdivisions  in  the  last  two  columns 
are  to  be  regarded  as  appropriate  for  the  New  York  region,  and  those 
of  the  second  columns  from  the  right  may  have  wider  applicability. 

Recently  revised  classifications  for  Maryland ^  and  the  interior^ 
are  given  below.     In  the  latter,  Helderberg  is  excluded. 

Maryland.  Interior. 

5.  Hampshire  =  Catskill  in  part.  5.  Chemung. 

4.  Jennmgs  =  Genesee  and  rortage.  4.  Portage  (including  Genesee). 

3.  Romney==  Erian.*  3.  Hamilton. 

2.  Oriskany.  2.  Onondaga  (Corniferous). 

1.  Helderberg  =  Coeymans.  1.  Oriskany. 

The  Lower  Devonian. 

The  Helderbergian  series. — The  known  Helderbergian  series  is 
largely  confined  to  the  eastern  part  of  North  America.  It  is  known  (1) 
in  Maine  ^  and,  beyond  the  United  States,  in  Gasp6,  New  Brunswick, 

*  Clark  and  Schuchert,  Science,  Vol.  X,  1899. 
M.)'Hara,  Marjdand  Survey,  Allegany  County. 

» Hayes  and  Ulrich,  Columbia  (Tenn.)  folio,  1903. 

*  Prosser,  Jour,  of  Geol.,  Vol.  XII,  p.  361. 
nVilliams.  Bull.  165,  U.  S.  Geol.  Surv. 
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and  Nova  Scotia,  and  a  remnant  belonging  to  the  same  general  prov- 
ince occurs  near  Montreal;^  (2)  in  the  Appalachian  belt,  and  (3)  in 
the  lower  Mississippi  basin  (see  Fig.  191). 

During  the  Helderbergian  epoch,  as  before,  the  sea  of  the  Appa- 
lachian trough  seems  to  have  had  eastward,  but  not  westward,  con- 
nections. The  faima  of  the  Appalachian  Helderbergian  beds  is  very 
similar  to  that  of  the  region  east  of  the  lower  St.  Lawrence.    From 
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Fig.  192. — Helderberg  limestone,  Wilbur,  New  York.    (Darton,  U.  S.  Geol.  Surv.) 

these  relations  it  is  inferred  that  the  Helderbergian  fauna  of  the  eastern 
coast,  like  the  Silurian  fauna  of  the  same  region,  foimd  entrance  to 
the  Appalachian  trough,  and  from  relations  which  will  not  be  detailed 
here,  it  is  conjectured  that  the  entrance  was  effected  by  an  inlet 
near  the  present  Chesapeake  bay  (Fig.  191).  The  fauna  of  the  Helder- 
bergian beds  in  the  lower  Mississippi  basin  is  also  of  the  Appalachian 
type,  indicating  geographic  conditions  which  allowed  of  the  migration 
of  the  Atlantic-coast  faunas  into  this  region. 

The    Helderberg  formation   is   largely   limestone,   which   suggests 

*Whiteave8,  Am.  Geol.,  Vol.  24,  1899,  pp.  210-40.     A  review  of  the  Eevonian 
of  Canada. 
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that  subaerial  erosion  was  not  taking  place  at  a  rapid  rate,  and  that 
the  principal  formation  of  the  epoch,  as  far  as  our  continental  area 
is  concerned,  was  extracted  from  the  sea-water. 

The  Helderbergian  series  is  300  to  400  feet  thick  in  eastern  New 
York,  and  350  to  600  feet  in  Pennsylvania.  It  thins  to  the  west, 
being  but  a  few  feet  thick  in  Ohio,  and  100  feet  or  less  in  western  Ten- 
nessee. In  the  vicinity  of  Gasp6,  there  is  a  continuous  formation 
of  limestone  some  2000  feet  thick,  a  part  of  which  is  of  Helderbergian 
age. 

The  Oriskany. — The  Oriskany  formation  is  best  known  in  the 
Appalachian  region,  but  beds  of  the  same  age  have  a  wide  but  undeter- 
mined distribution  in  the  eastern  part  of  the  Mississippi  basin,  and 
in  the  St.  Lawrence  basin  in  the  southern  part  of  Ontario.  *  Beds  con- 
temporaneous with  the  eastern  Oriskany  are  more  widespread  than 
the  eastern  Helderberg  formation.  In  the  region  where  best  knowTi, 
the  Oriskany  is  made  up  chiefly  of  coarse-grained  sandstone.  The 
vicinity  of  Cumberland,  Md.,  may  be  regarded  as  the  center  of 
the  Oriskany  of  the  mountain  belt.  From  this  locality,  it  extends 
both  northeast  and  southwest,  but  thins  in  both  directions  and  loses 
its  most  distinctive  faunal  characteristics.  To  the  westward,  the 
faunal  characteristics  of  the  Appalachian  belt  are  foimd  as  far  as 
Cayuga  in  Ontario,  indicating  that  the  barrier  between  the  Ap- 
palachian trough  and  the  interior — a  barrier  which  seems  to  have 
been  effective  since  the  Utica  epoch — was  removed  during  this 
epoch,  allowing  the  life  of  the  former  region  to  migrate  into  the  latter. 
In  the  southerly  part  of  the  Mississippi  basin  (western  Tennessee) 
the  Oriskany  fauna  also  appears,  though  the  formation  in  which  it 
occurs  (Camden  chert)  has  no  lithological  likeness  to  the  Oriskany 
of  the  east.  In  general,  the  beds  of  the  interior,  which  are  perhaps 
contemporaneous  with  the  Oriskany  of  the  Appalachian  belt,  are  not 
sharply  differentiated  from  the  overlying  beds,  either  lithologically 
or  paleontologically. 

As  developed  in  the  Appalachian  belt,  the  Oriskany  is  a  thin  forma- 
tion ranging  from  a  score  of  feet  in  New  York  to  several  himdred  feet 
in  Maryland  and  Virginia. 

In  the  northeast  (Gasp^,  New  Bnmswick,  and  Nova  Scotia)  the 
Helderberg  forirfSltion  has  not  been  clearly  differentiated  from  over- 
lying parts  of  the  Devonian  system,  but  beds  containing  the  Oriskany 
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fauna  have  here  an  extensive  development.  In  northern  Maine  (Moose- 
head  Lake  region)  the  Lower  Devonian  series  (probably  with  other 
iindifTerentiated  beds)  is  reported  to  have  a  thickness  of  several  thou- 
sand feet.^  From  the  testimony  of  fossils,  both  European  and  Ameri- 
can, it  is  supposed  that  there  was  shallow-water  connection  between 
eastern  North  America  and  southern  Europe,  allowing  marine  life  not 
at  home  in  deep  water  to  pass  from  the  one  continental  region  to  the 
other. 

The  Middle  Devonian. 

Local  eastern  formations. — In  the  east  the  Oriskany  formation 
is  succeeded  by  other  clastic  beds  (Esopus,  formerly  called  Cauda 
Galli,  and  Schoharie  grits).  Their  equivalents  have  not  been  differ- 
entiated west  of  the  Appalachian  region.  These  formations  are  rela- 
tively thin,  and  are  made  up  of  sediments  accumulated  near  shore. 

The  Onondaga. — ^They  are  succeeded  by  the  Onondaga  limestone, 
which  is  much  more  widely  distributed,  spreading  from  New  York 
on  the  east  to  the  Mississippi.  Within  this  area,  the  Onondaga  rests, 
now  on  Silurian  2  (Niagaran  or  later)  beds,  and  now  on  Waterlime,^ 
often  with  little  evidence  of  imconformity,  and  with  no  intervening 
beds  which  carry  an  Oriskany  fauna. 

During  the  Onondagan  epoch,  the  connection  between  the  Atlantic 
and  the  interior  by  way  of  the  Chesapeake  region  appears  to  have  been 
closed  (Fig.  193):  but  the  descendants  of  the  Oriskany  faima  which 
had  entered  the  Mississippi  basin  while  the  passage  was  open,  are  to  b:» 
recognized  in  the  faima  of  the  Onondaga  limestone. 

The  lower  beds  of  the  Onondaga  limestone  may  have  been  in  process 
of  deposition  over  the  eastern  interior  while  the  Esopus  beds  were 
accumulating  in  the  Appalachian  belt.  If  this  be  the  case  the  con- 
ditions for  limestone  acciunulation  were  presently  extended  eastward 

» Williams  and  Gregor>',  Bull.  165,  U.  S.  Geol.  Surv.,  p.  22. 

» Geol.  Surv.  of  Iowa,  Norton,  Vol.  IV,  p.  127,  and  Calvin,  Vol.  VII,  p.  54.  See 
alao  Simonds,  Arkansas  Geol.  Surv.,  Vol.  TV,  1888;  Hopkins,  Vol.  IV,  1890;  Vol.  II, 
1891;  Williams  (H.  S.),  Vol.  V,  1892.  The  presence  of  Middle  Devonian  strata  in 
Arkansas  is  imoertain. 

'  Blatchley  and  Ashley,  22d  Ann.  Rept.  Dept.  of  Geol.,  etc.,  of  Indiana;  and 
Sherzer,  Geol.  Surv.  of  Michigan,  Vol.  VII,  p.  37;  so  also  in  Missouri,  see  Missouri 
Geol.  Surv.,  Vol.  XH,  p.  67,  and  22d  Ann.  Rept.  U.  S.  Geol.  Surv.,  Pt.  II,  p.  85; 
and  Shepard,  Missouri  Geol.  Surv.,  Vol.  XII,  pp.  67-82. 
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Pig.  193. — Map  of  North  America,  showing  the  outcrops  of  the  Onondaga  fonnation, 
and  the  relations  of  land  and  water  during  the  Onondaga  epoch.  The  Devonian  at 
the  northwest  is  not  all  Onondagan. 
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over  the  area  where  the  clastic  beds  had  been  gathering,  though  locally 
clastic  sedimentation  may  have  continued  through  the  epoch  of  the 
Onondaga  limestone.^  The  general  distribution  of  the  formation 
and  the  general  geography  of  the  epoch  are  suggested  by  Fig.  193. 
A  comparison  of  this  map  with  Fig.  191  will  give  some  idea  of  the 
changes  which  are  thought  to  have  taken  place  dming  this  epoch.^ 

While  the  Onondaga  limestone  does  not  appear  at  the  surface  over 
extensive  areas  in  the  eastern  part  of  the  United  States  (Fig.  193), 
the  area  which  it  actually  covers  is  much  greater,  since  it  is  largely 
buried  by  younger  formations.  North  of  the  United  States,  the  forma- 
tion'occurs  on  the  west  side  of  James  Bay  (south  of  Hudson  Bay). 
As  will  be  indicated  in  connection  with  the  account  of  the  Devonian 
faunas,  the  new  element  in  the  Onondaga  fauna  of  the  interior  may 
have  come  into  the  United  States  from  the  north.  If  so,  the  Onondaga 
of  the  Hudson  Bay  region  was  once  connected  with  that  of  the  inte- 
rior of  the  United  States.^  The  distribution  of  such  formations  as 
this  and  the  Niagara  (p.  377),  convey  some  idea  of  the  extent  to  which 
erosion  has  removed  formations  from  regions  which  they  once  covered. 
The  new  types  of  life  which  appeared  in  the  Onondaga,  that  is,  the 
forms  by  which  it  is  distinguished  from  earlier  formations  of  the  interior, 
seem  to  have  reached  Ontario  and  Michigan,  perhaps  from  the  north, 
at  about  the  same  time  that  the  Oriskany  types,  entering  the  interior 
from  the  Atlantic,  reached  the  same  place.  Such  relations  show  the 
importance  of  paleontological  studies  in  determining  the  geography 
of  the  past. 

The  constitution  of  the  main  body  of  the  Onondaga  formation 
shows  that  the  water  of  the  interior  sea  was  relatively  clear,  and  this 
in  turn  suggests  that  the  surrounding  lands  were  not  sufficiently  high 
to  allow  of  rapid  subaerial  erosion.  The  limestone  is  often  rich  in 
corals,  and  the  coral-reef  structure  is  sometimes  as  perfectly  shown 
as  in  the  reef  rocks  of  modern  times.  This  is  true,  for  example,  at  the 
rapids  of  the  Ohio  near  Louisville. 


*  The  Newfoundland  grit  of  New  Jersey  may  be  equivalent  to  the  Onondaga  lime- 
stone farther  west:  Weller,  Report  on  the  Paleozoic  Paleontology  of  New  Jersey, 
State  GeoL  Surv.  of  New  Jersey,  1903. 

'  For  an  account  of  the  Devonian  in  the  Ohio  basin,  see  Claypole^  Am.  GeoL,  VoL 
32,  1903,  pp.  15-41  and  7^-105. 

»  WeUer,  Jour,  of  GeoL,  VoL  X,  pp.  423-32. 
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The  Onondaga  limestone  of  the  interior,  often  described  under 
other  names  (Corniferous,^  etc.)  is  usually  not  thick,  rarely  more  than 
100  or  200  feet,  but  it  nevertheless  represents  a  long  interval  of  time, 
since  limestone  accumulates  but  slowly. 

Onondaga  limestone  (or  the  equivalent  of  the  Ulsterian  series) 
occurs  east  of  the  Appalachian  belt  in  northern  New  England  and 
Canada  where  it  has  a  distribution  similar  to  that  of  the  Helderberg. 


Fig.  194.— Section  showing  the  relations  of  the  Devonian  system  between  Porcupine 
Mountain  and  the  mouth  of  the  Saskatchewan  River.  Length  of  section,  about 
125  miles.     (Tyrrell,  Geol.  Surv.  of  Canada.) 

At  Gasp6,  800  feet  of  limestone,  overlain  by  1000  feet  of  sandstone, 
have  been  referred  to  the  epoch.  Though  these  beds  may  be  the 
time-equivalent  of  the  Onondaga  of  the  interior,  they  do  not  contain 
the  fauna  characteristic  of  the  formations  of  the  interior,  and  their 
exact  correlation  is  open  to  question. 

The  equivalents  of  the  Onondaga  beds,  or  of  other  subdivisions 
of  the  Middle  Devonian  of  the  east,  have  not  been  differentiated  in 
the  western  part  of  the  United  States,  nor  in  the  great  northwest  terri- 
tory of  Canada,  though  the  Devonian  system  is  represented  in  both 
these  great  areas. 

The  map  (Fig.  193)  showing  the  outcrops  of  the  Onondaga  series 
represents  an  extensive  outcrop  in  the  northwestern  part  of  the  con- 
tinent. This  representation  expresses  the  belief  that  the  Devonian 
of  this  region  includes  the  equivalent  of  the  Onondagan.  It  probably 
includes  also  the  later  parts  of  the  system.  No  Devonian  formations 
are  known  to  underlie  the  Great  Plains  of  the  United  States. 

The  Hamilton  or  Erian  series. — ^After  a  considerable  period,  during 
which  there  were  relatively  clear  seas  over  the  northeastern  interior, 

*  The  name  Comiferom  was  originally  given  to  the  Onondaga  formation  be- 
cause of  the  local  (New  York)  abundance  of  chert  nodules  which  stand  out  (horn- 
like) when  the  limestone  is  weathered.  These  nodules  are  sometimes  a  foot 
or  more  in  diameter,  and  often  contain  abundant  shells  of  microscopic  plants 
(diatoms,  etc.),  spicules  of  sponges,  and  teeth  of  annelids.  Chert  nodules  arc, 
however,  hardly  more  characteristic  of  this  formation  than  of  many  others, 
and  the  name  is  therefore  an  unfortunate  one,  and  is  gradually  being  set  aside. 
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conditions  clianged  so  as  to  give  origin  to  deposits  of  mud  where  the 
Onondaga  limestone  had  been  accumulating.  These  mud  beds  and 
their  equivalents,  now  consolidated,  constitute  the  Marcellus  and 
Hamilton  formations  of  New  York  (see  Fig.  195).  West  of  Ohio  and 
east  of  the  Mississippi  the  equivalents  of  the  two  formations  are  com- 
monly grouped  together  imder  the  name  Hamilton,  or  given  local 
names  (see  Appendix,  Vol.  IH).  Shale  is  the  most  common  rock  at 
the  east,  but  with  it  is  associated  not  a  little  limestone,  and  in  the 
west,  limestone  predominated.  Southward,  in  Kentucky  and  Tennessee, 
the  equivalent  formations,  where  present,^  consist  largely  of  black 
shale  and  slate. 

These  changes  in  sedimentation  appear  to  have  been  accompanied 
by  changes  in  geography  (compare  Figs.  195  and  193).  During  the 
early  part  of  the  Marcellus  epoch,  the  connection  between  the  Atlantic 
and  the  interior  by  way  of  the  Chesapeake  may  have  been  re-established.^ 
At  about  the  same  time,  too,  considerable  areas  in  the  southern  and 
in  the  northwestern  parts  of  the  Mississippi  basin  appear  to  have  been 
submerged.  In  the  Mississippi  basin,  the  Hamilton  formation  prob- 
ably overlaps  its  predecessor,  resting  on  Silurian  and  perhaps  even 
on  Ordovician  beds.  The  same  relations  hold  in  the  southern  Appa- 
lachians, where  Devonian  beds,  probably  the  equivalents  of  the  Mar- 
cellus and  Hamilton,  overlie  Silurian  and  Ordovician  imconformably. 
The  submergence  of  the  land  in  the  south  appears  to  have  been  suffi- 
cient to  cause  the  sea  to  overspread  areas  which  had  been  land  since 
the  close  of  the  Ordovician  (southern  Appalachians  and  areas  farther 
west)  and  perhaps  to  open  up  a  connection  between  the  interior  sea 
and  the  Gulf  of  Mexico,  allowing  shallow-water  species  of  animals  to 
migrate  into  the  Mississippi  basin  from  the  south,  perhaps  from  South 
America  (see  Hamilton  fauna,  p.  460).  The  Cincinnati  arch  and  the 
corresponding  Nash\'ille  dome  may  have  been  land  (islands  or  a  penin- 
sula, Fig.  195)  throughout  the  Hamilton  epoch,  though  this  cannot 
be  affirmed.  If  the  Hamilton  formation  once  overspread  them,  it 
has  been  removed  by  erosion.  The  map,  Fig.  195,  shows  the  general 
relations  of  the  series,  and  at  the  same  time  suggests  the  geography 
of  the  epoch. 

»  Hayes  and  XJlrich,  Columbia  (Tenn.)  folio,  U.  S.  Geol.  Surv.     This  folio  gives 
a  late  correlation  table  for  the  Ohio-Kentucky-Tennessee  region. 

»  XJlrich  and  Schuchert,  Bull  52  (Paleontology  6)  New  York  State  Museum,  Report 
of  the  State  Paleontologist,  1902,  p.  664. 
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Fig.  195. — Map  of  North  America  showing  the  outcrops  of  the  Hamilton  fonnation 
and  the  relations  of  land  and  water  during  the  Hamilton  epoch.  The  black 
area  at  the  north  probably  includes  Lower  and  Upper  Devonian  as  well  as  Middle. 
Compare  Figs.  193  and  196.   The  conventions  are  the  same  as  in  earlier  maps. 
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The  conditions  for  the  origin  of  the  Hamilton  shales  would  seem 
to  be  met  if  the  smromiding  lands  (Appalachia  and  lands  north  of  the 
interior  sea),  low  and  protected  while  the  Onondaga  limestone  was 
making,  were  more  elevated  or  less  protected  by  vegetation,  or  sub- 
jected to  more  concentrated  or  spasmodic  precipitation.  Under 
the  former  conditions,  the  land  formations  would  have  been  imder- 
going  decay,  but  the  products  of  the  decay  might  not  have  been  removed; 
under  the  latter,  there  would  have  been  opportimity  for  the  trans- 
portation of  the  products  of  decay.  Even  during  the  general  period 
of  shale  formation,  however,  limestone  (often  shaly)  was  making  in 
many  places.  This  was  especially  true  in  the  Mississippi  basin,  so 
that  while  the  term  ''Hamilton  shales"  is  in  common  use,  ''Hamilton 
shales  and  limestones"  would  describe  more  accurately  the  Erian 
series  of  this  region.  The  Marcellus  shale  is  locally  more  or  less 
bituminous,  indicating  the  presence  of  abimdant  plant  life  in  the  seas 
in  wliich  it  was  deposited. 

In  the  east,  the  Hamilton  (including  Marcellus)  formation  is  very 
thick,  being  1500  to  5000  feet  thick  in  Pennsylvania,  where  it  is 
mainly  of  fragmental  origin.  Its  thickness  over  the  interior,  where  it 
contains  more  limestone,  is  but  a  fraction  of  this  amount. 

Middle  Devonian  in  the  northwest. — ^A  considerable  area  of  Devo- 
nian which  has  sometimes  been  called  Hamilton  is  foimd  in  the  basin 
of  the  Mackenzie  river  and  southward  to  Manitoba.^  The  great  arm 
of  the  sea  in  which  the  Devonian  of  this  area  accumulated  appears 
to  have  extended  as  far  south  as  northern  Missouri  (Fig.  195).  Whether 
this  arm  of  the  sea  antedated  the  Hamilton  epoch  is  imcertain.  Devo- 
nian beds,  some  of  which  may  be  the  equivalent  of  the  Hamilton, 
also  outcrop  along  the  main  ridge  of  the  Canadian  Rockies. 

The  fossils  of  this  northwestern  Devonian  do  not  correspond  with 
those  of  the  Hamilton  formation  of  the  east  (Illinois  to  New  York), 
and  if  the  beds  of  the  two  regions  were  contemporaneous,  as  they  may 
have  been,  they  seem  to  have  been  deposited  in  waters  which  were 
not  connected.  The  union  was  probably  prevented  by  a  narrow  belt 
of  land  running  south-southwest  from  Wisconsin  to  Missouri,  some- 
what as  shown  in  Fig.  195.  Till  late  in  the  Hamilton,  this  land  seems 
to  have  constituted  a  barrier  between  the  eastern  interior  sea,  and  a 

^  For  review  of  the  Devonian  of  Canada,  see  Wliiteaves,  Am.  Geol.,  Vol.  XXIV, 
IWW,  pp.  210-40. 
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northwestern  sea  which  stretched  from  Missouri  on  the  southeast, 
through  the  Mackenzie  basin,  to  the  Arctic  Ocean  on  the  north. 
Toward  the  end  of  the  Hamilton  epoch,  this  barrier  seems  to  have 
been  removed  sufficiently  to  allow  the  waters  and  the  life  on  opposite 
sides  to  mingle  freely.  The  removal  may  not  have  affected  the  whole 
of  the  barrier,  but  it  seems  to  have  been  sufficient  to  accomplish  the 
results  indicated. 

Belief  in  the  barrier  and  in  its  removal  is  based  primarily  on  pak^ 
ontological  evidence  to  be  sketched  later,  but  it  may  here  be  state<I 
that  up  to  the  end  of  the  Hamilton,  the  fauna  to  the  west  of  the  sup- 
posed barrier  was  unlike  that  to  the  east,  while  during  the  next 
succeeding  epoch  the  fauna  on  the  northwest  seems  to  have  invaded 
the  eastern  interior  sea.^ 

The  northeastern  region. — Rocks  (sandstone)  of  Middle  Devonian 
age,  presumably  Hamilton,  are  known  to  occur  in  the  eastern  region 
(Gasp<5),  where  some  of  them  appear  to  be  of  fresh-water  origin.  The 
evidence  of  this  origin  is  found  in  the  abundant  land-plant  fossils. 
Some  portions  of  these  beds  are  probably  the  time-equivalents  of  the 
Hamilton  of  the  interior,  but  their  exact  equivalency  has  not  been 
established. 

Geographic  changes  during  the  Middle  Devonian. — ^The  distribu- 
tion of  the  Hamilton  beds  indicates  several  changes  in  the  geography 
of  the  continent,  as  compared  with  that  of  early  Devonian  time.  These 
were  (1)  a  slight  elevation  (relative)  to  the  east,  interrupting  for  a 
time  the  connections  between  the  sea  of  the  Appalachian  area  and 
the  Atlantic;  (2)  a  subsidence  to  the  southward  in  the  interior,  sub- 
merging areas  which  had  long  been  land,  and  perhaps  connecting 
the  interior  sea  with  more  southerly  waters;  and  toward  the  close  of 
the  epoch,  (3)  the  removal  of  the  barrier  which  separated  the  north- 
western interior  sea  from  the  eastern.  This  last  change  may  perhaps 
be  looked  upon  as  marking  the  closing  stage  of  the  Hamilton  epoch. 

The  Upper  Devonian. 

f 

The  Upper  Devonian  series  has  a  distribution  (Fig.  196)  similar 
to  that  of  the  Middle  Devonian,  though  it  is  perhaps  less  widespread 

'  The  Hamilton  fish  fauna  of  Wisconsin,  Ulinois,  and  Iowa  is  thought  by  Eastman 
to  have  been  related  to  the  Onondagan  fish  fauna  of  New  York.  BuU.  Geo!.  So<x 
Am.  ^  Vol.  XIII,  p.  537. 
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Fig.  196. — Map  of  North  America,  showing  the  outcrops  of  the  Upper  Devonian 
fomttations,  and  the  relations  of  land  and  water  in  late  Devonian  time.  The 
conventions  are  the  same  as  in  earlier  maps  (see  p.  220).  (See  note  under  Fig.  195.) 
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to  the  south,  on  the  whole,  although  in  southwestern  Missouri,  Upper 
Devonian  beds  appear  to  be  present  where  the  older  parts  of  the 
system  are  not  known,i  and  the  same  relations  appear  to  hold  in 
northern  Arkansas.  In  some  parts  of  Iowa,  the  Upper  Devonian 
is  unconformable  on  the  Middle  (Fig.  197),  but  the  separation  of  the 


Fia  197— Hypothetical  section  showing  the  probaWe  relations  of  the  Upper  (State 
Qvia^)  and  Middle  (Cedar  Valley)  Devonian,  Penn  Township,  Johnson  Co.,  la. 
(Calvin,  la.,  Geol.  Surv.) 

Upper  Devonian  from  the  Middle  is  generally  based  on  faunal  rather 
than  on  stratigraphic  grounds,  the  division  bemg  made  where  the 
distinctive  Hamilton  fauna  gives  place  to  another.  The  faunal  changes 
which  the  upper  Devonian  records,  seem  to  have  resulted,  in  part 
at  least,  from  the  immigration  of  life  from  the  northwestern  sea  of 
the  previous  epoch  into  the  eastern  interior.  This  immigration  took 
place  toward  the  close  of  the  Hamilton  epoch,  and  the  invading 
species  probably  moved  somewhat  slowly  from  west  to  east,  appear- 
ing earlier  in  Wisconsin  than  in  New  York.  A  connection  between 
the  Atlantic  and  the  interior  by  the  old  route  during  the  early  part 
of  the  late  Devonian  (Portage,  see  p.  433)  has  been  suggested  to  account 
for  certain  peculiarities  of  the  Devonian  faunas  of  this  stage  in  the 

The  Tully,  Genesee,  and  Portage  formations,  or  Senecan  series. — ^At 

the  base  of  the  Upper  Devonian  in  New  York,  there  is,  locally,  a  thin 
bed  of  limestone  (the  Tully).  At  the  horizon  of  this  limestone,  but 
where  it  has  otherwise  run  out,  there  is  a  discontinuous  layer  of  iron 
pyrites,  which  extends  over  a  considerable  part  of  western  New  York. 
The  waters  of  this  region  were  poUuted  by  some  iron  compound  (prob- 
ably carbonate).    The  iron  is  beUeved  to  have  been  precipitated  by 

>  Shepard,  Mo.  Geol.  Surv.,  Vol.  12,  p.  65. 
'Ulrich  and  Schuchert,  op.  cit.,  p.  656. 
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sulphuretted  hydrogen  or  ammonium  sulphide  derived  from  decaying 
vegetable  or  animal  matter.  This  layer  of  pyrites  is  remarkable  for 
its  fauna  of  dwarfed  species,  45  in  number.  The  average  size  of  the 
species  is  only  about  one  fifteenth  of  the  normal.  Not  only  are  the 
species  dwarfed,  but  they  represent  species  arrested  in  their  develop- 
ment, appearing  like  the  young  of  species  of  earlier  Devonian  types. 
The  succeeding  Genesee  shales  are  black  and  bituminous,  and  range  from 
a  few  feet  (25  on  Lake  Erie)  to  a  few  himdred  feet  (150  in  central  New 
York,  300  in  west  central  Pennsylvania)  in  thickness.  The  Portage 
formation;  composed  of  shales  and  sandstones,  is  much  thicker,  being 
1000"  to  1400  feet  in  western  New  York.  To  the  southward,  its  separa- 
tion from  the  Chemimg  is  less  distinct  than  in  New  York.  All  these  clas- 
tic beds  bear  evidence  of  shallow-water  origin.  Their  stratigraphic 
relations  are  suggested  by  Fig.  186. 

The  Chemung  and  Catskill  formations  (Chautauquan  series). — ^The 
Chemung  formation  of  New  York  is  very  like  the  Portage,  though 
more  arenaceous.  It  is  locally  conglomeratic,  and  everywhere  bears 
the  marks  of  a  shallow-water  origin.  Locally  the  conglomerate  has 
been  eroded  into  fantastic  forms,  giving  rise  to  "Rock  Cities,"  as  near 
Panama  in  western  New  York.  The  formation  ranges  in  thickness 
from  950  feet  near  Lake  Erie,  to  1500  feet  in  the  vicinity  of  Cayuga 
Lake.  Much  greater  thicknesses,  8000  feet  maximum,  are  attained 
in  Pennsylvania,  but  the  formation  thins  rapidly  westward.  In 
northern  Pennsylvania,  the  Cattaraugus  formation  overlies  the  Che- 
mung, and  a  part  of  the  Oswayo  formation  above  the  Chemung  is 
also  classed  as  Devonian.* 

West  of  New  York  and  Pennsylvania  the  Upper  Devonian  beds 
have  few  commonly  recognized  subdivisions,  or  none  at  all,  and  the 
eastern  names  are  not  in  general  use  (see  Appendix,  Vol.  III). 

It  may  be  here  remarked  that  the  Devonian  was  probably  more 
extensively  developed  to  the  southwest  than  was  formerly  supposed. 
Devonian  beds  are  said  to  occur  at  the  summit  of  the  Ozark  uplift 
in  Missouri,^  though  their  present  exposure  in  this  region  seems  to  be 
limited. 

In  the  Catskill  region,  there  is  a  series  of  red  shales  and  sandstones 
which  appear  to  be,  in  a  general  way,  the  time-equivalents  of  the  Che- 

» FuUer,  Gaines  (Pa.)  folio,  U.  S.  Geol.  Surv. 

» Keyes,  BuU.  Geol.  Soc.  Am.,  Vol.  XIII,  pp.  26^-292. 
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mimg.  In  some  places  the  Catskill  beds  may  represent  less  than  the 
full  Upper  Devonian,  and  in  others  more.  The  Catskill  formation 
is  sufficiently  different  from  the  rest  of  the  Upper  Devonian  to  indi- 
cate that  the  sediments  of  which  it  is  composed  accumulated  under 
conditions  very  different  from  those  which  obtained  farther  west. 
This  formation  is  poor  in  fossils,  and  such  as  occur  are  partly,  if  not 
wholly,  of  fresh-  and  brackish-water  forms.  Hence  it  is  inferred  that 
the  Catskill  region  was  at  least  so  far  shut  off  from  the  ocean  as  not 
to  afford  the  conditions  necessary  for  marine  life.  The  formation  is 
notable  for  its  redness,  a  feature  which  marks  many  other  formations 
made  in  inclosed  or  partially  inclosed  seas,  inland  lakes,  or  ba;sins. 

The  Catskill  formation  has  a  thickness  of  3000  feet  in  New  York 
and  twice  that  amoxmt  farther  southwest  in  Pennsylvania.  Local 
beds  of  sandstone  (the  Oneonta  of  central  New  York),  seemingly  like 
the  Catskill  in  origin,  occur  outside  the  Catskill  region,  suggesting 
that  similar  conditions  now  and  then  existed  farther  west. 

The  thickness  of  the  Upper  Devonian  in  central  and  western  New 
York  approaches  4000  feet,  and  it  is  still  thicker  in  Pennsylvania  and 
Maryland,^  locally  reaching  a  thickness  of  8000  or  9000  feet.  In  Ohio 
the  same  series  (Black  or  Ohio  shale  2)  has  a  maximum  thickness  of 
2600  feet,  but  thins  notably  to  the  north  and  west,  being  at  most  only 
a  few  hundred,  and  often  but  a  few  score  feet  thick  in  Indiana,^  Illinois, 
Iowa,  southern  Michigan,  Kentucky,  and  Tennessee.*  Various  names 
are  applied  to  the  series  and  its  subdivisions  in  various  localities. 

West  of  the  Great  Plains,  the  equivalents  of  the  Chemung  of  the 
east  have  not  been  separated  from  other  parts  of  the  Devonian  system. 
The  Upper  Devonian  seems  also  to  be  represented  in  Maine  and  still 
farther  northeast.* 

The  sections  of  the  Devonian  given  in  the  Appendix,  Vol.  Ill,  give 
some  idea  of  the  development  of  the  system  in  various  parts  of  the 
continent.® 

*  Prosser,  Jour,  of  Geol.,  Vol.  IX,  pp.  415-42.  This  article  is  a  concise  suxnmaiy 
o£  the  Paleozoic  systems  of  Maryland. 

*  Geol.  Surv.  of  Ohio,  1873-93. 

'Twenty-second  Ann.  Rept.  Dept.  of  Geol.  and  Nat.  Res.  of  Indiana,  p.  17. 

*  Hayes  and  Ulrich,  Columbia  (Tenn.)  and  Campbell,  London  (Ky.)  folios,  U.  S.» 
Geol.  Surv. 

•Williams  and  Gregory,  Bull.  165,  U.  S.  Geol.  Surv.,  p.  22. 

*  The  Devonian  of  special  regions  east  of  the  Great  Plains  is  described  in  the  text 
and  shown  on  the  maps  of  the  following  folios  of  the  U.  S.  Geol,  Surv.:    Ala- 
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Devonian  of  the  West, 

The  Devonian  system,  so  far  as  known,  is  absent  from  the  larger 
part  of  the  Great  Plains  within  the  United  States.  This  great  expanse 
of  territory  was  probably  land  during  the  Devonian  period.  No  Devo- 
nian beds  are  foimd  about  the  older  formations  in  the  Black  Hills  or 
in  the  vicinity  of  Hartville,  Wyo.,  where  the  succession  of  formations 
has  been  studied  in  detail.  The  Helderberg  is  somewhat  developed 
farther  southwest  in  the  Arbuckle  Moimtains  of  Indian  Territory  ^  (Wood- 
ford chert,  see  Appendix,  Vol.  III).  The  presence  of  Devonian  beds 
in  Texas  is  also  imcertain,  though  Helderbergian  beds  at  least  probably 
occur  in  the  southwestern  part  of  that  State.^  The  Devonian  system  has 
little  development  in  the  Rocky  Mountains,  but  is  somewhat  widespread 
between  the  Rockies  and  the  Sierras.  It  is  represented  in  Arizona  (Fig. 
240),^  Colorado,'*  Utah,*  Nevada,®  Wyoming  (Fig.  247),  and  Montana,''^ 
and  the  Canadian  Rockies.®  Though  its  outcrops  are  not  extensive, 
its  actual  area  is  obviously  much  greater.  In  some  places,  as  about 
Globe,  Arizona,  the  system  is  much  faulted  and  affected  by  igneous 

bama,  Stevenson,  Gadsden;  Georgia^  Rome,  Ringgold;  Kentucky,  Loudon,  Rich- 
mond; Kentucky-Virginia-Tennessee  J  Estillville;  Pennsylvania,  Brownsville,  Connells- 
ville,  Elkland-Tioga;  Pennsylvania-New  York,  Gaines;  Tennessee,  Briceville,  Chat- 
tanooga, Cleveland,  Columbia,  Kingston,  Loudon,  Maynardville,  McMinnville,  Morris- 
town,  Sewanee,  and  Standing  Stone;  Tennessee-North  Carolina,  Knoxville;  Virginia- 
Tennessee,  Bristol;  Virginia-West  Virginia,  Monterey,  Pocahontas,  Staunton,  Taze. 
well;    West  Virginia-Virginia,  Franklin,  Piedmont;    West  Virginia,  Buckhannon. 

Details  concerning  the  S3rstem  are  also  found  in  the  geological  reports  of  the  several 
States  where  the  system  appears  at  the  surface. 
»  TafT,  Atoka  (I.  T.)  folio,  U.  S.  Geol.  Surv. 

*  Hill,  Physical  Geography  of  the  Texas  Region,  folio  3,  topographic  atlas,  U.  S. 
GeoL  Surv.,  p.  4. 

»  Blake,  Jour.  GeoL,  Vol  DC,  1901,  p.  68;    and  Am.  Geol.,  Vol.  XXVII,  1901 
p.  164;   Walcott,  Am.  Jour.  Sci.,  Vol.  XX,  1880,  p.  221;   and  p.  436. 

«  Spencer,  Am.  Jour.  Sci.,  Vol.  IX,  1900,  p.  125;  Spurr,  Mono.  XXXI,  U.  S.  Geol. 
Surv.,  pp.  9-30;   Girty,  Professional  Paper,  No.  16,  IT.  S.  Geol.  Surv.,  pp.  156-162. 

»  King,  Geol.  Expl.  of  the  40th  Parallel,  Vol.  I;  see  also  Weller,  Jour.  Geol.,  Vol.  X, 
pp.  423-32. 

•Knight,  Bull.  45,  Wyo.  Exp.  Station;    Yellowstone  and  Absaroka  folios,  U.  S. 
Geol.  Surv.;   Spurr,  Bull.  208,  U.  S.  Geol.  Surv. 

^  Little  Belt,  Fort  Benton,  Livingston,  and  Three  Forks,  Mont.,  folios,  U.  S.  Geol. 
Surv. 

»  Dawson,  Bull.  Geol.  Soc.  Am.,  Vol.  XII,  p.  68,  and  Ann.  Rept.  Geol.  Surv.  of 
Camida,  Vol.  II,  p.  19D. 
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rock;*  in  others  it  is  bounded  by  unconformities,  both  below  and 
above,2  ^hile  in  still  others  its  limits  are  not  sharply  defined.  In 
this  western  interior  the  system  has  not  been  generally  subdivided, 
and  where  subdivisions  have  been  made,  they  have  not  been  cor- 
related with  those  of  the  east.  In  the  Great  Basin  region,  Onondagan 
(Corniferous)  types  of  fossils,  and  in  overlying  beds  types  correspond- 
ing to  the  Eurasian  (rather  than  to  the  east  American)  faimas  of  the 
northwest,  have  been  recognized.  Hamilton  types,  with  great  ver- 
tical range  also  occur.  The  testimony  of  the  fossils  of  the  Basin  region 
is  to  the  effect  that  it  was  not  connected  either  with  the  eastern  interior 
sea  or  with  South  America  in  such  a  way  as  to  allow  of  the  free  inter- 
migration  of  marine  life. 

The  system  is  8000  feet  (6000  feet  of  limestone  and  2000  feet  of 
shale)  thick  in  the  Eiu-eka  district  of  Nevada,^  and  2400  feet  (quartzite 
and  limestone)  in  the  Wasatch  Mountains.  In  some  parts  of  the 
west,  as  in  the  Yellowstone  Park,  the  system  is  thin  (160  feet*),  and 
not  divisible  on  physical  grounds  into  distinct  formations..  In  the 
western  interior  generally,  limestone  is  the  dominating  fonnation. 

Still  farther  west,  on  the  Pacific  side  of  the  Paleozoic  land  area, 
Devonian  is  known  in  both  northern  ^  and  southern  ^  CJalifomia,  and 
may  be  represented  in  many  places  where  the  rocks  are  metamor- 
phosed past  identification.  In  the  Klamath  mountains,  the  Devonian 
(cliiefly  Middle)  is  much  disturbed,  and  contains  igneous  rocks  (tuffs 
and  flows).  The  Devonian  faunas  of  the  coastal  region,  like  those 
of  the  Great  basin,  are  Eurasian  in  their  affinities. 

The  Devonian  system  is  also  abimdantly  represented  in  widely 
separated  parts  of  Alaska.^ 

*  Kansome,  Professional  Paper,  No.  12,  and  Bisbee  folio,  U.  S.  Geol.  Surv.,  pp.  39-46; 
also  Reagan,  Am.  Geol,  Vol.  32,  p.  278. 

'Am.  Jour.  Sci.,  Vol.  XXVI,  pp.  437-438,  1883. 

» Geol.  Expl.  of  the  40th  Parallel,  Vol.  I;  see  also  Weller,  Jour.  Geol.,  VoL  X, 
pp.  423-32. 

*  Weed,  Yellowstone  Nat    Park  folio,  U.  S.  Geol.  Surv. 
•Diller,  Am.  Jour.  Sci.,  Vol.  15, 1902,  p.  344. 

*  Spurr,  Bull.  208,  U.  S.  Geol.  Surv. 

^  Brooks,  Bull.  Geol.  Soc.  Am.,  Vol.  XIII,  pp.  256-61,  and  Professional  Paper, 
No.  1,  U.  S.  Geol.  Surv.,  p.  211;  Schrader,  Bull.  Geol.  Soc.  Am.,  Vol.  XIII,  p.  241; 
and  Professional  Paper,  No.  20,  U.  S.  Geol  Surv.,  pp.  62-67. 
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Areas  Where  the  Devonian  Comes  to  the  Surface. 

While  the  Devonian  system  is  widely  distributed  it  does  not  appear 
at  the  surface  over  large  areas.  Obviously  in  the  beginning  the 
Devonian  formations  were  as  wide-spread  as  the  Devonian  seas;  but 
since  most  of  the  area  of  North  America  covered  by  the  Devonian 
seas  was  also  covered  by  the  seas  of  later  periods,  the  Devonian  system 
was  mostly  buried.  Subsequent  withdrawals  of  the  sea  and  warpings 
of  the  surface  have  allowed  the  overlying  formations  to  be  worn  away, 
exposing  the  Devonian  at  many  points,  though  in  the  aggregate  the 
areas  of  exposed  Devonian  constitute  but  a  small  fraction  of  the  area 
where  the  system  is  buried.  It  probably  imderlies  much  of  the  area 
in  the  eastern  half  of  the  United  States  where  the  Carboniferous  rocks 
constitute  the  uppermost  formations,  and  considerable  areas  in  the 
west  where  younger  formations  conceal  it.  Strata  of  equivalent  age 
must  underlie  much  of  the  sea. 

The  absence  of  the  Devonian  strata  in  certain  situations  is  hardly 
less  significant  than  their  presence  at  others.    Thus  it  is  to  be  noticed 

P^    that    between    Iowa    and     Indiana, 

L    Devonian  formations  do  not  appear 

at  the  surface  between  the  Silurian 
on  the  north  and  the  Carboniferous 


r^i~T 


I        >  '        T 


Fig.  201.— Figure  iUustrating  the  oc-  ^^  ^he  south.    The  absence  of  De- 
cuirence  of  remnants  of  Devonian  yonian    beds    here    might    indicate 

material  in  fissures  m  Niagara  lime-     .  .        ,,     ,    ,,        ,  ..#►.!       ^ 

stone,  near  Elmhurst  (Cook    Co).,  either  that  the  deposits  of  the  Car- 
^^^°*^-  boniferous    period   extended  farther 

north  than  those  of  the  Devonian,  concealing  the  latter,  or  that  Devo- 
nian beds,  once  deposited  north  of  the  present  border  of  the  Carbon- 
iferous system,  were  worn  away  before  the  deposition  of  the  latter. 
Of  these  alternatives,  the  former  was,  until  recently,  regarded  the 
more  probable;  but  a  recent  find  near  Chicago  (at  Elmhurst^)  shows 
that  the  Devonian  system,  or  some  part  of  it,  once  covered  a  por- 
tion of  the  area  where  the  Silurian  beds  now  appear  at  the  surface. 
Evidence  of  the  former  extension  of  a  formation  over  an  area  where 
it  docs  not  now  occur  is  usually  found  in  the  form  of  outliers  (see  Fig.  184 
and  p.  393);  but  in  this  case,  the  Devonian  remnant  does  not  constitute 

» Weller,  Jour.  Geol.,  Vol.  VII,  pp.  483^. 
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an  outlier  in  the  usual  sense  of  that  term.  The  remnant,  quanti- 
tatively insignificant,  occurs  in  a  fissure  in  the  Niagara  limestone,  as 
illustrated  by  Fig.  201.  The  limestone  was  apparently  fissm^d  before 
the  Devonian  above  was  deposited.  Portions  of  the  Devonian  sedi- 
ments fell  into  an  open  fissure,  carrying  with  them  distinctive  fossils 
(fish  teeth).  In  this  protected  position,  the  Devonian  fossils  escaped 
removal. 

About  much  of  the  pre-Devonian  area  of  southern  Missouri,  the 
Carboniferous  and  Silurian  beds  stand  in  the  same  surface  relations 
as  in  northern  Illinois,  though  Devonian  probably  appears  between 
these  systems  in  the  southwestern  part  of  the  State.  It  is  thought  by 
some  that  most  of  the  Ozark  area  was  land  during  the  Devonian  period, 
and  that  the  Carboniferous  sea  lapped  up  on  it  farther  than  the 
Devonian  sea  had  done.  The  alternative  view  has  been  mentioned 
(p.  433).  Similar  relations  are  repeated  in  the  Black  Hills,  in  Texas, 
and  at  other  points  in  the  west,  where  the  Devonian  system  outcrops 
more  rarely  than  any  other  system  of  the  Paleozoic  except  the  Silurian. 

As  in  the  case  of  other  systems,  it  is  to  be  remembered  that  the 
line  on  the  surface  marking  the  junction  of  the  Devonian  with  older 
formations  in  any  particular  region  is  not  the  line  which  marks  the 
limit  of  the  Devonian  sea  in  that  region.  Erosion  has  shifted  the 
outcrop  of  the  sjrstem,  and  therefore  the  line  of  its  jimction  with  older 
formations.  Erosion,  too,  has  reduced  the  aggregate  area  of  the 
Devonian  as  originally  deposited. 

Igneous  rocks. — The  general  absence  of  igneous  rocks  in  most  parts 
of  the  well-known  Devonian  of  the  continent  is  to  be  noted;  but  in  many 
parts  of  the  west,  and  also  in  central  New  York,*  the  Devonian  strata 
have  been  affected  by  dikes  and  intrusions  of  later  times,  and  in  Nova 
Scotia  and  New  Brunswick  there  are  igneous  rocks  which  appear  to  be 
of  Devonian  age.^ 

Close  of  the  Devonian. 

The  general  period  of  quiet  which  had  prevailed  during  the  Devo- 
nian seems  not  to  have  come  to  an  end  at  its  close.  Only  in  the  eastern 
part  of  the  continent,  in  Maine,  Nova  Scotia,  New  Brunswick,  and 

>  Matson,  Jour,  of  Geo!.,  Vol.  XIII.,  p.  264. 
MViUiams.  Jour,  of  Geol.,  Vol.  II,  pp.  17-19. 
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the  adjacent  region  to  the  north,  do  the  Devonian  strata  appear  to 
have  been  notably  disturbed  at  the  close  of  the  period.  Here  the 
Devonian  strata  are  overlain  unconformably  by  the  Carboniferous. 
Elsewhere  the  formations  of  the  younger  system  rest  on  those  of  the 
older  without  stratigraphical  break. 

Economic  Products. 

Gas  and  oil. — ^The  Upper  Devonian  is  the  chief  source  of  oil  and 
gas  in  western  Pennsylvania^  and  southwestern  New  York,  and  is  one 
of  the  sources  in  West  Virginia,^  the  oil  being  derived  chiefly  from 
porous  beds.  The  Middle  Devonian  is  the  oil-producing  series  of 
Ontario   (Enniskillen). 

Within  the  regions  of  their  occurrence,  oil  and  gas  are  more  likely 
to  be  found  under  low  anticlines  than  in  other  positions,  for  the  apparent 
reason  that  these  furnish  an  inverted  basin  capable  of  holding  these 
light  substances  against  the  superior  pressure  of  subterranean  waters 
which  tend  to  force  them  to  the  surface.  In  all  cases  there  must 
apparently  be  an  impervious  bed  or  combination  of  formations  above, 
to  prevent  the  escape  of  the  oil  and  gas,  and  in  this  there  is  a  certain 
similarity  to  the  conditions  requisite  /or  artesian  wells,  but  with  the 
difference  that  the  artesian  wells  receive  their  supplies  from  above 
and  must  be  closed  below,  while  the  oil  and  gas  wells  receive  their 
supplies  from  below  and  must  be  closed  above.  Both  require  a  porous 
bed  as  a  reservoir  which,  in  the  one  case,  ideally — ^but  not  always 
actually — forms  a  basin  concave  above,  in  the  other,  concave  below. 
It  is  the  general  opinion  of  geologists  that  the  oil  and  gas  of  the  Devonian 
beds  were  derived  from  organic  matter  entrapped  in  the  strata  below, 
though  distinguished  chemists  suggest  an  inorganic  origin  for  many 
or  most  such  products.^ 

The  lower  part  of  the  Chattanooga  shale  of  central  Tennessee  is 
the  horizon  of  black  phosphates,  which  are  of  considerable  impor- 
tance commercially.^ 

*  For  report  on  the  oils  and  gas  of  Pennsylvania,  see  Carll,  Rept.  I,  5  Penn.  GeoL 
Surv\,  1890.  For  statistics  on  the  production  of  oil,  gas,  etc.,  see  Mineral  Refiounses 
of  the  United  States,  an  annual  publication  of  the  U.  S.  Geol.  Surv. 

MMiite,  West  Vii^mia  Geol.  Surv.,  Vol.  I,  Oil  and  Gas,  pp.  208  and  212.  TTus 
volume  is  an  important  contribution  to  the  literature  of  oil  and  gas. 

» Orton,  8th  Ann.  Kept.,  U.  S.  Geol.  Surv.,  Pt.  II,  and  White,  op.  cit.   p.  180  et  9tq. 

<  Hayes  and  Ulrich,  Columbia  (Tenn.)  folio,  U.  S.  Geol.  Surv. 
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The  Foreign  Devonian. 


The  continent  of  Europe. — ^At  the  close  of  the  Silurian  there  seem 
to  have  been  more  considerable  geographic  changes  in  Europe  than 
in  America,  for  the  Devonian  system  is  there  more  commonly  imcon- 
formable  on  its  base.  This  is  especially  true  in  the  northern  part  of 
the  continent.  WTien  these  geographic  changes  took  place,  a  num- 
ber of  inclosed  or  nearly  inclosed  basins  containing  inland  water- 
bodies  appear  to  have  been  developed  in  northwestern  Europe.  This 
conclusion  is  based  on  the  character  of  the  deposits  made  in  this  part 
of  the  continent,  and  especially  on  the  fossils  which  they  contain. 
It  will  be  seen  that  in  a  general  way  the  phenomena  on  opposite  sides 
of  the  Atlantic  corresponded,  for  considerable  areas  in  America  likewise 
suffered  warping,  and  similar  inland  basins  of  water  or  other  lodgement 
areas  came  into  existence. 

During  the  progress  of  the  Devonian  period,  the  European  conti- 
nent was  progressively  submerged,  as  is  shown  by  the  fact  that  the 
Middle  and  Upper  Devonian  formations  are  more  wide  spread  than  the 
Lower  (Fig.  202).  In  this  respect,  also,  the  phenomena  of  Europe  are 
in  partial  correspondence  with  those  of  America,  though  the  Middle 
and  Upper  Devonian  of  Europe  overlap  the  Lower,  and  rest  on  older 
formations  more  commonly  than  in  America. 

In  keeping  with  the  geographic  changes  which  the  distribution  of 
the  Devonian  formations  of  Europe  indicates,  the  Lower  Devonian 
strata  of  western  Europe  are  for  the  most  part  such  as  to  imply  a 
progressive  advance  of  the  sea  on  the  land,  but  not  without  oscillations. 
The  greater  abundance  of  limestone  in  the  Middle  Devonian  shows  that 
the  waters  were  clearer  than  in  the  earlier  stage  of  the  period,  while  the 
wider  distribution  of  the  Middle  Devonian,  as  compared  with  the  Lower, 
points  to  less  extensive  areas  of  land  whence  sediments  could  be  derived. 
As  in  America,  the  Upper  Devonian  of  western  Europe  is  more  largely 
of  clastic  material  than  the  Middle,  though  it  also  contains  some  Hme- 
stone. 

Though  the  Devonian  formations  are  widely  distributed  on  the 
continent  of  Europe,  they  do  not  appear  at  the  surface  over  any  large 
area,  except  east  of  the  Baltic  in  Russia.  A  lesser  but  still  consider- 
able area  of  Devonian  appears  in  the  basins  of  the  Rhine  and  Moselle 
rivers  in  western  Germany,  and  in  the  adjacent  parts  of  Belgium 
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and  France.  Aside  from  these  larger  areas,  the  Devonian  is  known 
in  limited  exposures  at  many  points  in  the  mountains  of  central  and 
western  Europe,  in  Germany,  France,  Austria,  Hungary,  Switzerland, 
Spain,  Portugal,  and  Turkey.    As  a  result  of  folding  and  faulting,  the 


Fig.  202. — Sketch  map  of  Europe  during  the  Devonian.  The  horizontal  lines  repre- 
sent the  Lower  Devonian;  the  vertical  lines  mark  the  additional  areas  where 
the  Middle  Devonian  occurs.     (After  de  Lapparent.) 

structure  of  the  system  is  often  very  complex.  Illustrations  of  the 
complex  structure  are  shown  in  Figs.  203,  204,  and  205. 

The  Lower  Devonian  is  often  conformable  on  the  Silurian,  but 
where  the  Lower  Devonian  is  absent,  and  the  Middle  present,  the 
latter  rests  unconformably  on  the  Silurian,  or  on  any  other  formation 
which  may  happen  to  serve  as  its  base.  This  is  its  relation  to  the 
Cambrian  in  Belgium  and  northern  France. 

The  areas  where  the  Devonian  beds  outcrop  are  by  no  means  an 
indication  of  their  actual  area,  for  they  are  to  a  large  extent  buried. 
The  Devonian  strata  exposed  in  various  parts  of  Russia  are  probably 
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connected  beneath  younger  beds.  The  Devonian  sjrstem  is  also  much 
more  widespread  in  western  Europe  than  its  present  outcrops  indi- 
cate. 


•Pig.  203. — Section  of  the  Devonian  system  of  Dinant  and  Namur.  1  =  Cambrian  and 
Silurian;  2  =  Lower  Devonian ;  3  =  Upper  Devonian ;  4  =  Carboniferous  limestone; 
5= Coal  Measures;  /,  fault.     (Barrois.) 

The  British  Isles. — In  the  British  Isles  the  Devonian    formation 
has  two  phases.    The  first  is  found  in  southwestern  England  in  the 


Fig.  204. — Section  through  the  coal-field  of  Charleroi.  1« Lower  Devonian;  2— 
Upper  Devonian;  3  =» Carboniferous  limestone;  4  =  barren,  and  5=  coal-bearing 
Carboniferous  formations.  The  heavy  black  lines  indicate  faults  and  overthrusts. 
(Briart.) 

area  which  gave  the  foraiation  its  name^   (Devonshire).    Here  the 
system  has  a  thickness  of  10,000  or  12,000  feet,  and,  as  shown  by  its 


Fic.  2n5.— Section  showing  the  coal-bearing  formations,  (C),  beneath  Devonian  (D)  and 
.^'ilurian  (S).  M  =  Lower  Carboniferous;  C  =  Coal-bearing  formations.  (Pas- 
dt'-Calais,  Barrois.) 

fossils,  is  of  marine  origin.    The  structure  of  the  Devonshire  Devonian 
is  so  complicated  that  it  is  much  less  well  calculated  to  furnish  a  key 

>  The  name  Devonian  was  first  used  by  Sedgwick  and  Murchison  in  1839.     Trans. 
Oeol.  Soc.,  2d  series,  Vol.  V,  p.  688. 
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to  the  history  of  Devonian  deposition  than  the  corresponding  strata 
of  the  Rhine  basin.  Igneous  rocks  are  often  associated  with  the  sedi- 
mentary beds,  and  valuable  ore-bearing  veins  sometimes  result,  as  in 
Devon  and  Cornwall. 

The  second  phase  of  the  Devonian  is  the  Old  Red  sandstone.  This 
great  series  overlies  the  Silurian  and  imderlies  the  Carboniferous. 
Its  stratigraphical  position  is  therefore  clear,  and  it  is  thought  to  repre- 
sent the  Devonian.  This  phase  of  the  Devonian  is  widely  distributed 
in  Wales,  in  west  and  north  England,  Scotland,  in  the  Orkney  and 
Shetland  Islands,  and  in  Ireland.  It  is  possible  that  certain  beds  of 
Norway,  doubtfully  referred  to  the  Devonian,  are  to  be  correlated 
with  the  Old  Red  sandstone  phase  of  the  Devonian  in  the  British 
Isles.  The  same  phase  of  the  formation  likewise  re-appears  in  western 
Russia. 

Concerning  the  history  of  the  Old  Red  sandstone  there  has  been  much 
difference  of  opinion,  but  it  is  commonly  held  to  have  been  deposited  in 
a  series  of  inclosed  or  nearly  inclosed  basins  containing  lakes  or  inland 
seas,  the  waters  of  which  were  fresh  or  brackish.  It  is  further  beliex-ed 
that  crustal  warping  gave  the  sea  occasional  access  to  these  basins. 
These  conclusions  are  based  on  the  nature  of  the  formation,  and  on 
the  testimony  of  its  fossils.  In  general  the  strata  are  poor  in  fossils, 
and  those  which  are  present  indicate  that  the  waters  in  which  the 
strata  containing  them  were  deposited  were  not  the  waters  of  the 
open  ocean.  Some  of  the  fossils  are  fresh-water  species,  while  others 
are  land  species.  At  some  horizons,  however,  marine  species  occur. 
It  is  not  improbable  that  some  portions  of  this  singular  series  are  of 
subaerial,  rather  than  subaqueous  origin. 

Against  this  interpretation  several  objections  have  been  urged. 
In  the  first  place,  the  presence  of  occasional  marine  fossils  is  thought 
by  some  to  be  against  the  inclosed-basin  hypothesis.^  The  answer 
to  this  objection  has  already  been  suggested.  A  second  objection 
is  found  in  the  wide  extent  of  the  formation,  if  it  be  referred  to  a  single 
body  of  water.  As  partially  meeting  this  objection,  it  is  said  to  be 
probable  that  there  was  not  a  single  inclosed  sea  or  lake  in  which 
these  beds  were  deposited,  but  rather  many  inclosed  basins,  and  that 
no  one  was  necessarily  very  extensive.    Neumayr  ^  also  finds  a  difli- 

*  Kayser  and  Lake,  Text-book  of  Comparative  Geology. 
'  Neumayr,  Erdegeschichte,  Vol.  II,  1st  ed. 
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culty  in  the  way  of  the  inclosed-basin  hypothesis,  in  the  great  thick- 
ness of  the  Old  Red  sandstone,  though  admitting  that  it  is  no  greater 
than  that  encountered  in  connection  with  other  formations  known 
to  have  been  made  in  inclosed  seas  or  lakes.  The  thickness  of  the  beds 
is  not  very  remarkable  if  they  are  interpretable  as  the  results  of 
inclined  deposition. 

The  Old  Red  Sandstone  formation,  as  its  name  implies,  is  mainly 
red  and  largely  of  sandstone.  It,  however,  includes  shales  as  well  as 
sandstone,  and  the  former,  as  well  as  the  latter,  are  sometimes  of  a 
color  other  than  that  indicated  by  the  name. 

The  Old  Red  sandstone  of  the  British  Isles  is  thought  by  Geikie  ^ 
to  have  been  deposited  in  several  distinct  basins.  One  of  them  extended 
westward  from  Scotland  so  as  to  include  a  part  of  Ireland,  while  another, 
that  which  includes  the  northern  part  of  Scotland,  the  Orkney  and 
Shetland  Islands,  perhaps  extended  eastward  to  southern  Norway 
and  finally  still  farther  east  to  Russia. 

It  is  to  be  noted  that  the  Catskill  formation  of  America  has  some 
features  which  suggest  a  comparison  with  the  Old  Red  sandstone  of 
Britain.  Both  are  predominantly  red,  both  are  poor  in  fossils,  and 
both  seem  to  have  been  deposited  in  inclosed  bodies  of  water.  It  is 
to  be  noted  also  that  the  one  is  in  the  eastern  part  of  America  and 
the  other  in  the  western  part  of  Europe — ^regions  where  there  are  many 
other  striking  likenesses. 

The  Old  Red  sandstone  formation  of  the  British  Isles  consists  of 
two  great  divisions,  the  upper  of  which  in  many  regions  lies  uncon- 
f ormably  on  the  lower.  In  such  regions  the  lower  division  is  conform- 
able with  the  Silurian  below,  and  the  upper  with  the  Carboniferous 
above.  Since  the  Silurian  below  is  not  known  to  be  the  youngest 
Sihirian,  nor  the  Carboniferous  above  the  oldest  Carboniferous,  it  is 
not  certain  that  the  Old  Red  sandstone  is  the  exact  equivalent  of  the 
Devonian  as  elsewhere  developed.  It  may  include  the  upper  part 
of  the  Silurian  at  its  base,  and  the  lower  part  of  the  Carboniferous  at 
its  top. 

The  lower  division  of  the  Old  Red  sandstone  has  a  maximum  thick- 
ness of  something  like  20,000  feet.  It  contains  a  large  amount 
of  volcamc  rock.    In  this  respect  it  corresponds  with  the  Devonian 

>  Trans.  Roy.  Soc.  Edinburgh,  VoL  XXVII,  1879.  Also  Text-book  of  Geology. 
3d  ed. 
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of  Germany.  The  aggregate  thickness  of  the  igneous  rocks  is,  in 
Scotland,  as  much  as  6000  feet,  and  the  rocks  are,  in  places  at  least, 
regularly  interbedded  with  the  sedimentary  series.  The  eruptions 
seem  to  have  been  in  part  subaqueous,  and  in  some  cases  so  consider- 
able as  to  build  up  the  sea-  or  lake-bottom  until  it  became  land.  As 
the  result  of  the  great  erosion  which  has  since  taken  place,  the  igneous 
rocks  now  form  considerable  ranges  of  hills  (Pentland,  Ochil,  etc.). 
There  are  thousands  of  feet  of  sedimentary  rocks  without  volcanic 
beds  associated,  both  above  and  below  the  volcanic  portions. 

The  upper  division  of  the  Old  Red  sandstone  formation  is  not  so 
thick  as  the  lower.  The  unconformity  between  it  and  the  lower  division 
is  a  great  one,  and  shows  that  changes  of  relations  were  taking  place 
on  a  considerable  scale.  The  bodies  of  water  appear  to  have  been 
shifted  somewhat  in  position  from  time  to  time  so  that  the  formations 
made  in  one  place  at  one  time  were  exposed  to  prolonged  erosion  before 
they  were  again  submerged  and  buried  by  younger  strata. 

In  the  upper  division  of  the  Old  Red  sandstone  of  Great  Britain 
there  are  conglomerates  of  such  a  character  as  to  have  raised  a  question 
concerning  the  existence  of  glaciers  in  this  region  in  Devonian  times. 
The  conglomerates  contain  bowlders  of  all  sizes,  up  to  eight  feet  in 
diameter.  While  the  smaller  stones  are  usually  well  worn,  the  larger 
ones  are  often  distinctly  subangular.  All  sorts  of  durable  rock  are 
represented.  The  large  bowlders  seem  not  to  have  come  in  from  dis- 
tant regions,  but  some  of  the  smaller  stones  may  have  come  from 
greater  distances,  since  no  local  source  for  them  is  known.  Further- 
more, some  of  the  bowlders  are  said  to  be  striated,  and  it  is  believed 
by  some  geologists  at  least  that  the  striaB  are  glacial.  The  matrix  of 
the  conglomerate  is  in  keeping  with  the  hypothesis  that  ice  cooper- 
ated in  its  making.  It  has  been  suggested^  that  the  Highlands  of 
Scotland  were  then  much  higher  than  now,  that  they  harbored  glaciers, 
and  that  the  bergs  to  which  the  glaciers  gave  origin  made,  or  helped 
to  make,  the  conglomerates  here  referred  to.  The  conglomerate  is 
to  be  seen  in  the  Lammermuir  Hills,  and  in  the  Silurian  hills  of  Cum- 
berland and  Westmoreland,  in  northern  England. 

Fossils  of  the  "  Old  Red  "  type  have  been  found  within  the  Arctic 
circle  on  Bear  Island  (lat.  70°  30'  N.),  between,  the  coasts  of  Norway 

*  Neumayr,  Erdegeschichte,  Vol.  II,  p.  133. 
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and  Spitzbergen,  and  both  divisions  of  the  Old  Red  have  been  recog- 
nized in  Spitzbergen.^ 

West  central  Europe. — ^The  Devonian  of  Germany  is  remarkable 
for  the  proportion  of  igneous  rock  interbedded  with  the  sedimentaries. 
The  igneous  rock  is  principally  diabase  and  diabase  tuff,  but  other 
varieties  are  also  foimd.  These  rocks  occur  in  many  separate  beds^ 
showing  that  there  were  many  periods  of  igneous  activity  separated 
by  intervals  of  quiet.  Igneous  rocks  occur  in  the  Devonian  in  some 
other  parts  of  western  Europe. 

In  much  of  central-western  Europe  the  Devonian  strata  have  been 
metamorphosed,  and  their  structure  is  often  complex.  In  not  a  few 
places,  especially  where  the  sedimentary  rocks  have  been  invaded 
by  igneous  rocks,  mineral  veins  have  been  developed  whence  large 
quantities  of  iron,  tin,  copper,  and  other  metals  have  been  obtained.^ 
The  Devonian  of  Germany  also  contains  a  little  coal,  showing  that 
the  conditions  for  its  formation  were  locally  present. 

Russia. — ^The  Devonian  of  Russia  is  made  up  of  beds  of  arenaceous 
and  calcareous  rocks,  the  former  containing  fossils  related  to  those 
of  the  Old  Red  sandstone,  the  latter  containing  fossils  of  a  marine 
fauna.  The  Lower  Devonian  appears  to  be  wanting  in  much  of  Russia, 
and  the  middle  and  upper  parts  of  the  system  are  generally  uncon- 
formable on  subjacent  formations.  Except  in  the  Ural  region,  where 
Lower  Devonian  is  present,  the  Devonian  strata  of  Russia  are  not 
notably  disturbed. 

Comparison  with  America. — On  the  whole,  the  course  of  geological 
history  seems  to  have  been  less  pacific  in  Europe  than  in  America. 
The  great  local  unconformities  within  the  Devonian  system  find  no 
parallel,  so  far  as  now  known,  in  America,  and  the  extreme  develop- 
ment of  igneous  rock  in  western  Europe  is  not  duplicated  in  America. 

In  Europe  as  in  America,  there  do  not  seem  to  have  been  notable 
changes  at  the  close  of  the  Devonian.  There  seem  to  have  been  some 
changes  of  level  in  Russia,  Bohemia,  and  Great  Britain,  so  that  succeed- 
ing strata  rest  with  some  measure  of  unconformity  on  the  Devonian; 
but  over  much  of  the  continent  the  Carboniferous  strata  succeed  the 
Devonian  conformably.  In  this  again  the  European  phenomena  cor- 
respond with  those  of  America. 

1  Geikie,  Text4>ook  of  Geolog>%  4th  ed.,  Vol.  11.,  pp.  1012  and  1013. 
*  Ibid,  p.  995. 
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Other  continents. — ^The  Devonian  system  has  a  wide  distribution 
in  Siberia  and  China,  where  its  faunal  relations  are  with  northern 
Europe.  It  is  known  in  Asia  Minor,  Persia,  and  northwestern  India- 
(Himalayas  and  eastern  Tibet).  It  perhaps  has  wide  distribution 
in  North  Africa  (Atlas  mountains,  Sahara),  in  South  Africa  (Cape 
Colony),  and  in  the  Falkland  islands.  Glacial  beds  of  Devonian  age 
have  been  reported  recently  from  South  Africa.^  The  fauna  of  the  South 
African  Devonian  has  South  American  affinities.  The  system  has  con- 
siderable development  in  South  America,  and  carries  an  indigenous 
fauna  akin  to  the  Hamilton  fauna  of  North  America.  So  far  as  identified 
in  this  continent,  the  Devonian  beds  are  referable  to  the  upper  part  of 
the  Lower  Devonian,  and  to  the  lower  part  of  the  Middle.^  The  system 
attains  a  thickness  of  10,000  feet  in  New  South  Wales,"  Australia,  and 
has  been  recognized  in  Victoria.  With  the  Middle  Devonian  seili- 
mentary  formations  of  Victoria,  f elsitic  lavas  and  tuffs  are  associated. 
Devonian(?)  rocks  are  the  oldest  known  formations  of  the  North  Island, 
New  Zealand,  and  attain  great  thickness — 7000  to  10,000  feet^ — in  the 
South  Island.  Kayser*  recognizes  two  great  Devonian  provinces,  viz., 
the  Eurasian,  including  a  large  part  of  north  and  central  Asia,  and  prob- 
ably extending  to  Manitoba,  and  the  American^  including  much  of  tho 
United  States,  South  America,  and  South  Africa. 

DEVONIAN   LIFE. 

I.  The  Marine  Faunas. 

General  faunal  evolutions.  —  It  may  be  recalled  that  the  early 
marine  famias  of  the  Cambrian  period  were  interpreted  as  regional 
or  provincial  in  type,  but  were  foimd  to  merge  into  a  more  general 
type  toward  the  close  of  the  period.  The  Ordovician  fauna  was  regarded 
as  really  little  more  than  a  continuation  and  expansion  of  the  Cam- 
brian fauna  and  as  singularly  general  at  its  climax.  After  a  repres- 
sional  interval,  the  Silurian  fauna  seems  to  have  developed  into  a 
similar  cosmopolitan  type,  followed  by  a  restrictive  evolution.  It  is 
now  to  be  noted  that  the  Devonian  period,  in  America  at  least,  brought 

>  Schwarz,  Jour.  Geol,  Vol.  XIV,  p.  683, 1906. 

*  Kayser,  Geologische  Fonnationskunde.  '  Geikie,  op.  cit.,  p.  999. 

*  Idem,  Zwcite  Auflage,  p.  154.     Other  and  minor  faunal  provinces  are  defined  by 
Lebenden,  Mem.  du  Comit6  geologica,  XVII,  No.  2,  pp.  i-x,  and  Barrois. 


THE  DEVONIAN  PERIOD.  449 

again  an  evolution  of  provincial  faunas,  but  on  an  unusually  large  and 
declared  scale,  and  of  an  advancing  phase,  verging  toward  cosmo- 
■]  olitanism. 

The  ancestors  of  the  Devonian  faunas  are  found  remotely  in  the 
cosmopolitan  faima  of  the  Silurian  period,  and  more  immediately  in 
the  restrictional  faimas  of  the  closing  Silurian.  The  early  Devonian 
faunas  are  to  be  regarded  as  the  expansional  phases  of  these  restrictional 
faunas.  Fortunately  the  physical  conditions  during  the  Devonian 
evolution  are  better  known  than  those  of  previous  stages  when  pro- 
vincial faunas  were  imdergoing  development,  and  hence  reveal  in  a 
specially  instructive  way  the  conditions  under  which  such  faunas 
develop.  Even  here,  however,  the  data  recorded  are  far  from  com- 
plete, and  only  a  part  of  them  have  been  critically  studied  as  yet,  so 
that  whatever  conclusions  are  now  entertained  must  be  held  subject 
to  correction.  By  way  of  precaution,  it  is  to  be  recalled  that  the 
faunas  here  imder  discussion  are  those  of  the  relatively  shallow  water 
that  lay  about  the  continental  border,  or  on  the  bosom  of  the  conti- 
nent itself,  in  the  form  of  intruding  gulfs  and  interior  seas.  The  land 
life,  to  be  considered  later,  had  its  own  independent  phases  of  develop- 
ment, while  the  faunas  of  the  abysmal  depths  of  the  ocean  and  of 
the  surface  of  the  mid-ocean  are  almost  wholly  imknown. 

Special  faunas  evolved.  — ^With  the  partial  withdrawal  of  the  sea 
from  the  North  American  continent,  as  sketched  in  the  previous 
chapter,  the  mid-Siliuian  faima  underwent  restrictive  evolution  and 
differentiation  in  the  embayments  on  the  continental  border.  For 
want  of  free  communication  between  these  embajonents,  their  faunas 
developed  distinctive  aspects.  When  the  sea  re-advanced  upon  the 
land  in  the  early  Devonian,  it  was  by  tongues  or  invading  gulfs  from 
different  points  on  the  continental  border,  these  being  in  part  exten- 
sions of  the  border  embayments.  Each  of  these  gulfs  seems  to  have 
had  its  own  rather  distinctive  fauna,  inherited  from  the  embajmients 
of  the  coast  border. 

Five  such  faimas  seem  to  have  invaded  the  continent  of  North 
America  during  the  Early  and  Middle  Devonian,  partly  in  succession 
and  partly  simultaneously,  viz.:  (1)  the  Helderberg,  (2)  the  Oriskany, 
(3),  the  Onondaga  (Comiferous),  (4)  the  southern  Hamilton,  and 
(5)  the  northwestern  Hamilton.  These  reached  the  interior  in  suc- 
cession in  the  order  named,  and  the  faunas  are  described  mainly  as 
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they  are  found  to  have  been  developed  at  the  stage  when  they  suc- 
ceeded one  another  in  the  interior,  but  all  must  have  had  earlier  stages 
during  which  they  were  evolving  and  advancing  upon  the  continent 
along  their  particular  lines  of  invasion.  As  each  in  succession  came 
into  contact,  through  the  coalescence  of  the  advancing  gulfs  or  seas, 
with  the  fauna  that  had  previously  invaded  the  region,  there  was  a 
commingling  and  conflict  of  the  various  assemblages,  resulting  in  the 
elimination  of  some  species  and  the  adjustment  of  others  to  one  another. 
The  result  was  a  fusion  of  the  forms  surviving  from  the  two  faunas, 
and  the  development  of  a  new  composite  fauna.  In  this  fusion,  one 
or  the  other  of  the  faunas  was  usually  dominant  and  gave  the  chief 
characteristics  to  the  new  fauna. 

The  originating  tracts  of  the  invading  faunas. — The  places  of  origin 
of  these  faunas  cannot  be  determined  at  present  with  certainty,  but 
the  following  are  the  suggestions  of  present  evidence,  and  may  serve 
as  working  hypotheses  until  fuller  data  shall  establish  permanent 
interpretations.  Of  the  Helderberg  fauna,  the  more  local  elements 
probably  originated  in  the  great  embayment  at  the  mouth  of  the  St. 
Lawrence  and  on  the  border  of  the  adjacent  continental  shelf.  The 
less  local  element  seems  to  have  been  derived  from  the  coast  border 
of  the  (then)  North  Atlantic,  which  seems  to  have  connected  the  Ameri- 
can continent  with  southern  Europe,  but  not  directly  with  northern 
Europe.  The  Hercynian  fauna  which  characterizes  this  stage  of  the 
Devonian  in  southern  Europe  has  much  in  common  with  the  Helder- 
berg fauna  of  America,  while  both  were  markedly  different  from 
the  early  Devonian  fauna  of  northern  Europe  and  northern  America, 
although  a  fauna  of  Helderbergian  aspect  has  been  detected  at  one 
locality  in  the  far  northern  islands.^ 

Giving  precedence  here  to  the  local  American  phase,  it  is  to  be 
noted  that  in  the  St.  Lawrence  embayment  the  strata  show  a  gradual 
passage  from  the  Silurian  fauna  up  into  the  Helderberg  fauna.  It 
will  be  recalled  that  the  St.  Lawrence  embayment  was  a  harbor  of 
refuge  for  the  Ordovician  life  when  it  was  forced  to  retire  and  undergo 
transition  into  the  Silurian  type.  History  seems  to  have  acquired 
the  habit  of  repeating  itself  thus  early.  The  Helderberg  fauna  seeias 
to  have  advanced  from  the  coast-border  region  of  the  Middle  Statt^s 
into  the  Appalachian  valley  trough,  and  to  have  spread  westward 

*  Meek,  Am.  Jour.  Sci.,  ser.  2,  Vol.  XL,  p.  31. 
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and  northward  as  far  as  the  advancing  waters  permitted.  If  the 
interior  waters  did  not  extend  southwesterly  to  the  Helderberg  areas 
of  Tennessee,  Illinois,  and  the  Indian  Territory,  the  access  to  these 
regions  was  probably  gained  through  embayments  from  the  more 
southerly  coast.  The  fauna  seems  never  to  have  occupied  the  great 
interior  Mississippian  region  generally. 

The  Oriskany  fauna,  which  followed  the  Helderbergian  in  this 
region,  appears  to  have  entered  the  interior  region  along  the  same 
tracts  as  the  Helderbergian,  but  to  have  spread  farther  westward, 
even  as  far  as  western  Ontario,  while  the  Helderbergian  fauna  only 
reached  central  New  York.  In  its  dominant  phase,  it  was  a  sand- 
loving  fauna  and  crept  along  the  arenaceous  tract  adjoining  the  old 
Appalachian  land  and  the  northern  shore  of  the  interior  sea.  In 
other  areas  where  the  deposit  was  calcareous,  the  fauna  assumed  a 
modified  phase.^  The  general  identity  of  its  lines  of  invasion  with 
those  followed  by  the  Helderbergian  fauna,  and  the  occurrence  of 
sjx^cies  of  Oriskany  aspect  in  the  St.  Lawrence  embajmient,  offer  some 
suggestion  as  to  its  place  of  origin.  A  very  significant  fact  also 
is  the  occurrence  of  some  very  peculiar  Oriskany-like  species  in 
vSouth  America.  This  hints  at  the  possibility  that  the  faima  either 
developed  along  the  Atlantic  coast  in  a  horizon  now  entirely  buried, 
and  certain  of  the  species  spread  down  the  coast  and  reached  South 
America,  or  else,  originating  at  the  south,  certain  species  spread  up 
the  coast  until  they  found  access  to  the  interior  through  the  inlets 
mentioned.  Some  part  of  the  fauna  perhaps  spread  on  to  Europe 
and  to  Africa,  or  else  was  derived  thence  and  spread  westward,  since 
allied  species  occur  in  those  regions.  It  is  also  quite  possible  that 
some  notable  part  of  the  fauna  developed  in  the  St.  Lawrence  embay- 
ment  at  a  stage  later  than  the  evolution  of  the  Helderberg  fauna, 
when  the  deposits  became  sandy,  as  they  did,  and  that  thence  there 
wjus  migration  more  or  less  simultaneously  southward  along  the  coast 
to  South  America,  westward  into  the  interior,  and  northward  and 
eastward  to  Europe  and  Africa.  The  more  typical  species  of  the 
(Oriskany,  however,  do  not  seem  to  have  been  directly  derived  from 
II(*l(lerberg  species,  but  to  have  been  evolved  in  some  distinct  area. 
The  typical  Oriskany  fauna,  on  invading  the  regions  already  occupied 

»  Clarke,  J.  M.,  Mem.  N.  Y.  State  Mus.,  \o.  3,  Vol.  3. 
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by  the  Helderberg  fauna,  mingled  with  it  and  hence  a  Helderberg 
element  was  present. 

As  to  the  originating  tract  of  the  Onondaga  fauna,  still  less  is  knowTi, 
but  in  its  maximum  extension  it  occupied  the  whole  of  the  great  interior 
Mississippian  sea,  which  had  not  been  the  case  with  either  of  the  pre- 
ceding faunas.  A  very  characteristic  development  of  this  fauna  is 
found  along  the  north  side  of  the  interior  basin  in  the  vicinity  of  the 
straits  of  Mackinac,  and  the  suggestion  hence  arises  that  the  fauna 
invaded  the  interior  sea  in  this  region  from  the  north,  along  a  tract 
from  which  the  deposits  have  since  been  removed  (see  map,  Fig.  193). 
Less  than  three  himdred  miles  to  the  north,  in  the  James  Bay  basin, 
the  faima  has  much  the  same  facies  as  that  nearest  it  on  the  south. 
While  there  is  no  positive  evidence  of  a  former  connection  across  the 
intervening  tract,  there  seems  to  be  no  inherent  improbability  in  such 
connection.^  Besides  these  geographic  relations  there  are  general 
considerations,  as  will  be  seen  later,  for  believing  that  this  fauna 
had  a  northern  origin,  and  had  communication  with  northern 
Europe. 

Almost  the  only  light  on  the  originating  tract  of  the  eastern  Hamil- 
ton faima  is  found  in  the  fact  that  a  very  similar  faima  lived  in  South 
America  (Bolivia,  Brazil,  and  the  Falkland  Islands)  at  about  the 
same  time,  and  that  some  quite  peculiar  forms  are  common  to  the 
two.2  ^  southern  origin  seems  therefore  the  most  probable,  and  this 
is  in  reasonable  harmony  with  the  distribution  of  the  strata  contain- 
ing it.  It  is  hence  inferred  that  this  faima  entered  from  the  south 
along  the  Mississippi  tract,  which  may  not  improbably  have  been 
open  at  this  time,  as  there  is  direct  evidence  of  land  subsidence  in  that 
direction.. 

CJoncerning  the  northwestern  Hamilton  fauna,^  there  is  evidence 
that  it  gradually  crept  down  from  the  north,  probably  along  the  tract 
that  is  now  the  Mackenzie  valley,  and  that  for  a  time  it  was  not  in 
communication  with  the  area  occupied  by  the  southern  Hamilton, 
but  that  at  length  it  passed  over  the  intervening  barrier  that  seems  to 
have  stretched  from  the  old  lands  of  Wisconsin  to  the  similar  old  lands 
of  Missouri.    Thence  it  invaded  the  eastern  interior  sea  and  oveiTan 

»  WeUer,  Jour,  of  Geo!.,  Vol.  X,  p.  423. 
•Williams,  Bull.  U.  S.  Geol.  Surv.,  No.  210,  p.  79. 
'  V.'illiams.  idem. 
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the  territory  already  occupied  by  the  southern  Hamilton  fauna  ^  (see 
map,  Fig.  196). 

Bearing  in  mind  that  these  suggestions  relative  to  the  origm  and 
invasion  of  the  America  interior  by  these  great  provincial  faunas  are 
subject  to  correction  by  new  data,  they  may  be  taken  provisionally 
to  represent  the  leading  faunal  movements  of  the  early  and  middle 
Devonian  in  the  interior  and  eastern  portions  of  the  continent.  These 
successive  invasions  may  be  likened  to  the  barbarian  invasions  of 
southern  Europe  in  medieval  times.  As  in  the  latter  case,  the  precise 
origin  of  the  invading  hosts  is  subject  to  doubt  and  can  only  be  approxi- 
mately inferred,  but  the  later  stages  of  the  invasions  and  their  conse- 
quences are  more  or  less  clearly  discernible,  and  constitute  the  most 
declared  features  of  this  romantic  period. 

In  the  Great  Basin  there  seems  to  have  been  a  very  slow  and  con- 
servative evolution  as  though  the  area  was  largely  isolated,  or  at  least 
protected  from  such  faunal  inundations  as  those  that  overwhelmed 
the  eastern  region.  This  region  and  that  of  the  Pacific  coast  will 
be  treated  later. 

The  Helderberg  Fauna. 

Assuming  that  the  Helderbergian  fauna  was  derived  from  the 
Siliuian  fauna,  it  should  have  been  differentiated  from  it  in  a  less 
degree  than  were  the  Oriskany,  Onondaga,  and  Hamilton  faunas  at 
the  time  of  their  respective  invasions,  for  less  time  had  passed  previous 
to  its  appearance  in  the  interior.  This  is  conspicuously  true.  The 
fauna  bears  a  strong  Silurian  facies,  and,  on  account  of  this,  has  often 
l)een  classed  as  Silurian.  It  had,  however,  undergone  so  much  change 
from  the  parent  fauna  that,  with  but  two  exceptions,  so  far  as  now 
known,  the  species  were  all  new.  These  two  exceptions  were  the 
cosmopolitan  species  Lepiccna  rhomboidalis  and  Airypa  reticularis, 
species  remarkable  for  their  wide  range  and  long  life.  Considered  as 
species,  they  were  the  Methuselahs  of  the  Paleozoic  times. 

In  that  portion  of  the  originating  tract  that  lies  in  the  St.  Lawrence 
embayment,  there  are  over  2000  feet  of  shales  and  shaly  limestones, 
forming  a  continuous  series,  in  the  lower  part  of  which  the  fossils  are 
j^redominantly  Silurian  and  in  the  upper  part  predominantly  Devonian, 
while  in  the  central  thousand  feet  the  two  types  are  commingled  or 

'  Weller,  Joiirn.  of  GeoL,  Vol.  VI,  p.  306. 
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are  replaced  by  intermediate  forms.  From  this  intermediate  or  transi- 
tional assemblage  the  Helderberg  faima  seems  to  have  taken  its  oripn 
in  part  at  least,  and  to  have  emigrated  westward  as  the  re-advance 
of  the  sea  permitted. 

The  marked  development  of  the  mollusks. — As  the  physical  con- 
ditions in  the  originating  tract  gave  a  muddy,  partially  calcareous 
bottom,  the  fauna  developed  in  lines  suited  to  such  a  habitat  and, 
as  like  conditions  prevailed  in  the  interior  to  which  it  emigrated,  it 
retained  its  original  character  as  a  silt-conditioned  faima.  As  a  con- 
sequence, mollusks  and  moUuscoids  greatly  preponderated,  and  trilo- 
bites  were  fairly  developed,  while  corals  and  crinoids,  lovers  of  clear 
water,  were  relatively  few  and  imimportant.  The  gastropods  came 
into  unusual  and  quite  peculiar  pronunence.  The  capulids,  a  rather 
inferior  or  degenerate  type,  seem  to  have  found  singularly  congenial 
conditions,  for  they  appeared  in  great  variety  of  form.  Two  character- 
istic forms  of  this  group  are  illustrated  in  Fig.  206,  a  and  6.  The 
group  continued  to  play  an  important  part  in  the  faunas  that  occu- 
pied the  interior  in  succession  during  the  following  stages  of  the  Devo- 
nian period,  whether  because,  having  come  in  with  the  Helderberg 
immigrants,  they  held  their  own  notwithstanding  the  subsequent 
invasions  by  other  faunas,  or  because  new  forms  came  in  with  each 
of  these  invading  faunas,  does  not  now  clearly  appear,  though  the 
former  seems  the  more  probable.  Especial  interest  attaches  to  this 
group  because  it  constitutes  one  of  the  characteristic  features  of  the 
Hercynian  fauna  in  Europe,  a  fauna  which  has  been  the  subject  of 
much  difference  of  opinion  but  which  is,  with  little  doubt,  the  essential 
equivalent  of  the  American  Helderberg.  A  number  of  gastropods 
other  than  the  capulids  were  present. 

The  bivalves  also  blossomed  out  notably  in  large-winged  forms, 
the  a\aculids  (Fig.  206,  c).  This  was  in  sharp  contrast  to  the  Niagara 
fauna,  which  showed  but  few  of  these  forms.  Like  the  capulids,  they 
continued  to  be  numerous  through  the  succeeding  Devonian  faimas. 

Quite  in  contrast  with  the  foregoing,  the  cephalopods  had  a  verj* 
meager  development.  From  being  one  of  the  dominant  tjT)es  in  the 
Silurian,  they  fell  to  an  insignificant  rank.  They  were  to  rise  again, 
however,  in  a  new  form. 

The  superior  numbers  of  the  moUuscoids. — ^The  inevitable  brachio- 
pods  far  surpassed  all  other  classes  in  numbers.    They  were  even  more 
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Fig.  206. — ^The  Helderbergian  Fauna.  Gastropoda:  a,  Platyceras  spircUe  Hall; 
b,  Platyceras  gibbosum  Hall,  two  forms  of  the  capulid  shells  which  abound  at  some 
localities  in  the  Helderbergian  and  which  have  their  great  development  in  the 
Devonian  faunas.  Pelecypoda:  c,  Actinopteria  textiles  (Hall),  one  of  the  winged 
pelecypod  shells  which  nave  so  great  an  expansion  in  the  Devonian  faunas. 
nrachiopoda:  d,  Sjnrifer  macroplenrus  (Con.),  a  species  which  is  more  closely 
related  to  the  Silunan  than  to  the  Devonian  members  of  the  genus:  c,  Stro^honeUa 

gunctulifera  (Con.).  The  members  of  this  genus  are  more  cnaracteristically 
ilurian  than  Devonian  although  it  persists  to  the  Middle  Devonian;  /,  Leptcena 
rhomboidalis  Wilck.,  a  species  which  ranges  from  the  Ordovician  to  the  Missis- 
sippian  (see  Fig.  163);  </,  Gypidula  galeata  (Dal.),  one  of  the  most  character- 
istic species  of  the  Lower  Helderbergian  or  Coeymans  fauna;  A,  Rensselceria 
lequirc^iata  (Con.),  a  representative  of  a  genus  peculiarly  characteristic  of  the 
Lower  Devonian;  i,  Uncinulus  mutabilis  (Hall),  a  representative  of  a  genus  of 
rhynchonelloid  shells  which  has  its  greatest  development  in  the  Helderbergian 
faunas;  /,  Schizophoria  muUxstriata  (Hall),  and  k,  Rhipidomella  oblata  (Hall), 
shells  representing  two  types  of  orthids  having  their  greatest  development  in 
the  Devonian  faunas;  Z,  DalmaneUa  subcarinata  (Hall),  another  orthid  of  a  group 
more  strongly  represented  in  earlier  faunas;  m,  Eatonia  ^nedialis  (Van.),  a  repre- 
sentative of  a  genus  most  characteristic  of  the  Lower  De\'onian  faunas;  n, 
Atrypina  imhricaia  (Hall),  a  lingering  Silurian  type*  o,  Bilobites  varicus  (Con.), 
a  type  of  orthid  characteristic  of  the  Silurian  and  Helderl>ergian;  p-q,  Cyrtina 
dalmani  Hall,  a  member  of  a  genus  feebly  represented  in  the  Silurian  but  which 
has  a  gieat  development  in  the  De\onian  faunas.  Brifozoa:  r,  Polypora  lilcea 
(Hall),  one  of  the  fenestelloid  bryozoans,  a  group  having  a  slight  representa- 
tion in  earlier  faunas,  but  attaining  great  prominence  later.  Corals:  s,  Michclinia 
lenticularis  Hall,  the  earliest  meml^er  of  a  genus  of  corals  which  becomes  abundant 
in  later  Devonian  faunas.  Cystmdea:  t,  Lepocrinites  gebhardii  Con.,  one  of  the 
last  representatives  of  the  cystids,  a  group  of  echinoderms  having  their  greatest 
expansion  in  Ordovician  and  Silurian  times.  Trilobita:  u^  Phacovs  logani  Hall, 
the  genus  Phacops,  though  present  in  the  Silurian,  has  its  great  aevelopment  in 
the  Devonian;  r,  Dicranurus  hamaius  (Con.),  an  acidaspid  whose  closest  relative 
occurs  in  Barrande's  dtage  (7,  in  Bohemia.     (Weller.) 


456  GEOLOGY. 

numerous  in  genera  and  species  than  in  the  Silurian  period,  but  did 
not  develop  such  tangible  peculiarities  as  the  gastropods  and  pelecy- 
pods.  Illustrations  of  leading  forms  will  be  foimd  in  Fig.  206,  d  to  q. 
There  were  many  members  of  the  Orthis  family  (Fig.  206,  /,  k,  and  I) 
which  gave  a  somewhat  Silurian  facies  to  the  fauna,  but  a  study  of 
the  details  of  these  forms  shows  the  initiation  of  the  Devonian  tjT^e 
of  development.  The  members  of  the  Strophomena  family  (Fig.  206,  e,  /) 
were  also  very  abimdant  and  much  diversified,  a  foreshadowing  of 
their  much  greater  development  in  the  succeeding  Onondaga  and 
Hamilton  epochs.  The  spirif ers  (Fig.  206,  d)  had  come  to  be  a  striking 
feature  of  the  assemblage.  They  had  made  a  very  notable  advance 
upon  their  relative  place  in  the  Silurian  fauna.  Several  of  the  Helder- 
berg  spirifers  were  clearly  successors  of  Silurian  species  and  represent 
consecutive  evolution,  but  a  larger  number  were  not  so  much  lingering 
representatives  of  known  earlier  forms  as  initial  forms  of  new  tyjx^s 
which  were  to  be  more  fully  developed  in  the  succeeding  Devonian 
faunas.  The  loop-bearing  brachiopods  appear  at  this  time  in  the 
genus  Renssdaria  (Fig.  206,  h)  which  reached  its  maximum  develop- 
ment in  the  next  epoch. 

The  bryozoans  were  fairly  developed  and  foreshadowed  coming 
types,  rather  than  represented  past  types  (Fig.  206,  r). 

The  aberrant  tendency  of  the  trilobites.  —  The  trilobites  dis- 
tinguished the  epoch  by  their  notable  tendency  to  sport,  a  tendency 
which  reached  its  climax  later.  They  took  on  strange  and  distincti\'e 
forms,  one  of  which  is  illustrated  in  Fig.  206,  v.  The  peculiar  shapc*s 
of  the  head  parts  and  their  remarkable  ornamentation  seem  inexpli- 
cable imless  they  had  an  esthetic  function,  which  would  presuppose 
a  high  mental  development.  But,  whether  explicable  or  not,  the 
development  of  the  ornamented  and  erratic  forms  represents  a  stage 
in  the  evolution  of  the  class  quite  worthy  of  note,  not  only  as  character- 
istic of  the  Devonian  evolution,  but  as  a  precursor  of  the  approacliing 
disappearance  of  the  whole  group.  It  will  be  seen  later  that  as  the 
trilobites  neared  the  end  of  their  career  their  forms  became  aberrant. 

The  scantiness  of  the  crinoids  and  corals. — The  crinoids  had  fallen 
from  their  former  high  estate  in  the  Silurian  to  an  insignificant  place, 
not  fatally  and  finally,  but  temporarily,  on  account,  we  may  sup- 
pose, of  the  rather  turbid  waters  which  the  shales  and  shaly  constitu- 
ents of  the  limestones  indicate.     The  cystids  (Fig.  206,  t)  suffered  less 
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relatively,  but  they  were  not  abundant.  The  other  echinoderms 
were  still  less  important. 

The  corals,  doubtless  for  like  reasons,  were  not  generally  abundant  ^ 
though  Favosites  was  well  represented,  as  were  also  a  few  other  forms. 
The  genus  Michelinia  (Fig.  206,  s),  which  became  abtmdant  in  the 
Onondaga  and  Hamilton  epochs,  makes  its  first  appearance  here. 

Minor  forms. — ^There  were  hydrozoans,  among  which  Stromato- 
pora  became  so  common  as  to  form,  almost  alone,  beds  three  or  four 
feet  thick;  a  few  graptolites,  which  were  about  to  become  extinct; 
some  sponges,  and  doubtless  not  a  few  other  forms  that  have  escaped 
fossilization. 

The  notable  absence  of  fishes. — It  is  to  be  especially  noted  that  fish 
remains  are  almost  or  quite  absent  from  the  Helderberg  deposits,  although 
they  had  appeared  in  the  epoch  just  preceding  and  reappeared  in  great 
abtmdance  and  in  remarkable  forms  in  the  Onondagan  epoch  that 
soon  followed.  However  their  absence  is  to  be  explained — and  it 
seems  to  be  nearly  inexplicable — it  serves  to  strengthen  the  belief 
that  the  Onondaga  faima  originated  in  a  tract  well  isolated  from  the 
originating  tract  of  the  Helderberg  faima. 

The  Oriskany  Fauna. 

The  key  to  the  interpretation  of  the  typical  Oriskany  fauna  appears 
to  lie  in  the  fact  that  it  was  a  sand-loving  assemblage  of  species  and 
that  its  habitat  was  the  sand-flats  that  skirted  the  ancient  shore  belt. 
There  was  a  minor  phase  of  the  fauna  found  in  calcareous  deposits. 
The  fauna  was  bound  by  many  close  ties  to  the  Helderberg,  especially 
that  phase  of  it  which  is  present  in  the  more  calcareous  beds,  but  it 
contained  also  distinct  features  impljdng  in  part  a  separate  origin. 
However  originated,  it  was  so  constituted  as  to  fit  the  conditions  of 
shallow  water  and  sandy  bottoms,  while  the  Helderberg  fauna  was 
adapted  to  calcareous  and  muddy  bottoms,  and  perhaps  to  somewhat 
greater  depths.  The  Oriskany  fauna,  as  we  know  it,  was  also  later 
than  the  Helderberg,  which  means  that  in  so  far  as  it  was  not  derived 
from  the  Helderberg,  it  had  been  developing  longer  since  the  two 
diverged  from  a  common  stock,  and  should  therefore  be  farther  removed 
from  the  common  Silurian  parentage.  ^\Tiatever  the  source  of  the 
Oriskany  faima,  it  appears  to  have  been  developed  outside  the  interior 
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basin  and  to  have  followed  the  Helderberg  fauna  into  the  interior  as 
a  distinct  invasion. 

Preponderance  of  large  brachiopods. — ^More  than  half  of  all  the  known 
species  of  the  Oriskany  fauna  are  brachiopods.^  Their  most  obvious 
feature  was  their  great  size.  The  Pentamerus  oblongus  (Fig.  187,  o) 
of  the  Silurian  period  and  a  few  other  previous  forms  had  been  large, 
but  at  no  time  had  there  been  a  fauna  made  up  of  species  from  differ- 
ent genera  and  even  different  families  which  attained  such  ample 


Fia.  207. — ^The  Oriskany  Fauna.  Brachiopoda:  a,  RensseUeria  oroides  (Eaton)^  a 
representative  of  a  genus  restricted  to  the  Helderbergian  and  Oriskany  (see  Fig. 
206,  (h) ;  b,  Hipparionyx  proximus  Van.,  one  of  the  most  characteristic  fossils  of 
the  arenaceous  Oriskany  Ijeds;  c,  Camarofcechia  barrandei  (Hall),  one  of  the  lar^ 
rhynchonelloid  shells  of  the  Oriskany;  rf,  Spirifer  murchisoni  Castel,  and  c,  Spirifer 
arenosus  (Oon.),  two  of  the  most  characteristic  Oriskany  species,  the  first  occurring 
throughout  the  fauna,  the  second  mainly  in  the  fauna  of  the  arenaceous  beds;  /, 
Stropheodonta  maonifiixi  Hall ;  a  species  which  sometimes  grew  to  be  four  or  five 
inches  across.    The  genus  has  its  great  expansion  in  the  Devonian.     (WeUer.) 

dimensions  as  those  of  the  Oriskany.  Spirifer  arenosus  (Fig.  207,  e), 
Rensselaria  ovoides  (Fig.  207,  a),  Stropheodonta  magnifica  (Fig.  207,  /), 
Hipparionyx  proximus  (Fig.  207,  6),  and  Camarotcechia  barrandi  (Fig. 
207,  c),  all  reaching  lengths  or  breadths  of  two  and  one-half  to  four 
inches,  made  up  an  aldermanic  group  that  seems  all  the  more  notable 
for  its  sandy  habitat,  though  sandiness  at  the  bottom  of  the  sea  does 
not  imply  sterility  in  the  same  sense  as  sandiness  on  the  land.  There 
were  small  brachiopods  associated  with  these  giants,  but  they  were 

» Schuchert,  Rept.  N.  Y.  State  Geologist  for  1888,  p.  61. 
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less  impressive  as  a  factor  of  the  fauna.  The  brachiopods  of  the  Oris- 
kany  were  largely  of  the  same  genera  as  those  of  the  Helderberg,  but 
the  species  were  new.  Some  of  the  genera,  as  Eatonia  and  Renssdceriaj 
were  confined  to  these  two  faimas;  others  had  a  wider  range.  Of  the 
latter,  many  were  represented  later  in  the  Onondaga,  and  some  in  the 
Hamilton  faunas. 

It  is  important  to  note  that  in  South  America  there  were  several 
species  which  bore  a  strong  Oriskany  facies,  and  in  some  cases  there 
was  complete  specific  identity,  as  in  the  notable  form  Anoplotheca 
flabellites, 

MoUusks  abundant  and  large. — ^While  the  mollusks  were  much 
less  amply  represented  than  the  molluscoids,  they  showed  some  striking 
characters  which  help  to  further  characterize  the  fauna.  The  gas- 
tropods were  the  most  abundant  of  the  mollusks,  and  the  capulids 
were  their  leading  form,  as  in  the  Helderberg  epoch.  Not  less  than 
60%  of  all  the  known  Oriskany  gastropods  were  capulids.  Some  of 
them  were  exceptionally  large  and  plump,  reaching  lengths  of  four 
inches,  and  mouth-expansions  of  two  and  a  half  inches.  The  Helder- 
berg capulids  had  been  without  spines,  but  the  spine-bearing  species 
Platyceras  nodosus  appeared  in  the  Oriskany  fauna,  although  it  became 
more  conspicuous  in  the  later  Onondagan. 

The  pelecypods  were  not  very  abundant,  but,  like  the  brachiopods 
and  gastropods,  they  were  phenomenally  large  and  coarse,  some  of  them 
being  five  inches  across.  These  unusual  sizes,  affecting  three  dis- 
tinct types,  imply  that  the  cause  lay  in  conditions  congenial  to  the 
types  and  not  in  the  types  themselves,  except  as  they  were  well  con- 
stituted to  respond  to  the  conditions.  The  pteropods  were  repre- 
sented by  the  Conularia — ^and  even  that  was  large — ^and  by  large  ten- 
taculites;  while  the  former  powerful  cephalopods  were  reduced  to  a 
single  species,  so  far  as  the  known  record  shows. 

Scantiness  of  trilobites,  corals,  crinoids,  and  fish. — ^The  trilobites 
were  not  abundant  and  were  chiefly  species  that  had  a  larger  develop- 
ment in  the  Onondaga.  They  were  perhaps  even  Onondagan  forms 
that  became  mingled  with  the  late  Oriskany  forms  after  the  two  faunas 
came  in  contact,  as  explained  later.  In  the  calcareous  phase  of  the 
Oriskany,  however,  there  were  several  trilobites  more  or  less  closely 
allied  to  Helderberg  forms.  Corals,  crinoids,  and  cystoids  were  rare, 
as  might  be  expected  from  the  nature  of  the  formation;  so  also  were 
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the  bryozoans  and  most  of  the  minor  tjrpes.  Fishes  were  also  wanting, 
though  the  reason  is  not  evident.  In  a  word,  the  Oriskany  faima  was 
essentially  an  assemblage  of  well-fed  moUusks  and  moUuscoids  with 
a  scant  sprinkling  of  other  forms. 

There  was  a  fauna  in  South  America  that  contained  Oriskany-like 
forms.  The  Helderberg  type  is  not  known  to  have  preceded  it  there. 
The  wide-ranging  habitat  along  the  coast  of  the  Atlantic,  which  this 
seems  to  imply,  was  probably  the  main  home  of  the  faima,  and  its 
incursion  into  the  interior  was  probably  but  an  episode  in  its  history 
which  happens  to  have  been  better  recorded  than  the  main  chapter. 

The  Onondaga  Fauna. 

The  presence  of  true  marine  fish. — ^The  Onondaga  fauna  is  most 
strikingly  distinguished  from  the  preceding  ones  by  the  appearance 
of  a  host  of  fishes  of  highly  developed  and  divergent  tjrpes.  There  is 
no  reasonable  ground  to  doubt  that  these  were  true  marine  fishes^ 
whatever  may  have  been  true  of  the  fishes  of  the  late  Silurian  and 
of  the  transition  beds  discussed  in  the  last  chapter,  and  of  the  Old 
Red  Sandstone  fishes  to  be  discussed  later  in  this  chapter  under  the 
head  of  fresh-water  life.  The  Onondaga  fishes  were  intimately  asso- 
ciated with  marine  invertebrates  of  the  most  typical  kind,  and  in  the 
most  typical  way,  and  there  were  none  of  those  peculiar  associations 
with  gigantic  crustaceans,  land  plants,  and  a  strange  pauperitic  group 
of  invertebrates,  which  seemed  to  place  the  previous  fish  faimas  in  a 
special  category.  Confirmatory  of  the  true  marine  character  of  these 
fishes  is  the  fact  that  they  had  successors  in  the  succeeding  marine 
deposits,  and  left  a  consistent  record  from  that  time  to  the  present. 
Instead  of  occasional  and  sporadic  appearances  in  special  localities, 
such  as  characterize  the  record  from  the  Ordovician  period  up  to  this 
time  (and  which  perhaps  merely  imply  occasional  incursions  or  inwashes 
from  land-waters),  there  was  now  a  continuous  occupancy  of  the  seas, 
for  from  this  time  on  fishes  ranged  widely  through  the  epicontinental 
waters  of  America  and  of  Europe,  and  doubtless  of  the  seas  generally. 
Their  numbers  in  the  Onondaga  waters  were  very  great,  though  the 
list  of  known  genera  and  species  is  small.  A  notable  feature  of  the 
record  consists  of  "  bone  beds,"  thin  layers  made  up  almost  exclu- 
sively of  the  plates,  teeth,  spines,  and  dermal  ossicles  of  fishes  wha^^e 
numbers  must  have  mounted  into  the  millions.  One  of  these  occurs 
near  Columbus,  Ohio,  and  another  near  North  Vernon,  Indiana.     New- 


THE  DEVONIAN  PERIOD.  461 

berry  ^  describes  the  relics  as  fragmentary  and  worn,  and  suggests 
that  they  may  be  the  undigested  residue  of  innumerable  feasts  of  the 
larger  fishes  upon  their  weaker  kin.  It  is  possible  that  there  were 
restricted  tracts  or  passageways  of  the  shallow  sea  through  which 
the  inferior  fish  habitually  passed  for  reasons  connected  with  the  depths, 
€urrents,  tides,  food-distribution,  or  other  sea  conditions,  and  that  in 
so  doing  they  were  the  victims  of  persistent  attacks  by  their  superiors, 
and  thus  the  bottom  became  strewn  with  the  debris  of  the  slaughter. 
At  the  present  time,  sudden  changes  of  temperature  due  to  the  shift- 
ing of  currents  destroy  great  numbers  of  fish  simultaneously  and  prob- 
ably give  rise  to  great  fish  deposits.  Were  it  not  for  the  fragmentary 
condition  of  the  relics  of  the  ancient  bone  beds  this  would  seem  to 
offer  the  most  plausible  explanation. 

The  fragmentary  nature  of  the  remains  makes  a  satisfactory  iden- 
tification and  classification  difficult  and  not  a  little  revision  of  those 
first  made  has  been  found  necessary;  still  further  changes  will  doubt- 
less yet  be  required.  What  is  said  about  kinds  and  classes  must  there- 
fore be  taken  with  some  reserve.  It  is  clear,  however,  that  an  extinct 
order  of  fishes,  arthrodirans  (joint-necked),  formed  a  signal  feature 
of  the  fauna;  that  sharks  of  several  orders  also  constituted  a  large 
element;  that  certain  of  the  ancient  ganoids  (crossopterygians),  were 
present,  and  doubtless  other  forms.  The  arthrodirans,  whose  necks 
were  so  joined  to  their  bodies  as  to  give  their  heads  vertical  motion, 
a  rare  feature  in  fishes,  were  quite  remarkable  forms,  and  perhaps 
held  the  leading  place.  Among  them  were  the  Macropetalichthys, 
whose  skull  is  illustrated  in  Fig.  208,  a,  and  Dinichthys  (terrible  fish) 
which  rose  to  monster  sizes  a  little  later  (Fig.  209,  p.  463)  and  then 
rapidly  declined.  The  sharks  embraced  not  only  forms  armed  with 
cutting  and  piercing  teeth,  but  also  forms  provided  with  pavement 
teeth  for  crushing  shell-fish.  The  Teleostomi  were  of  the  ancient  type 
(ganoids,  chiefly  crossopterygians)  which  were  usually  characterized 
by  cartilaginous  skeletons  and  bony  scales,  in  contrast  to  modern 
teleosts,  which  are  characterized  by  bony  skeletons  and  membranous 
scales.  In  general  the  fishes  of  the  time  seemed  to  have  been  more 
fully  clothed  with  spines  and  defensive  armor  than  modern  fishes. 
Compared  with  existing  species  they  were  doubtless  heavy  and  clumsy 
in  movement,  and  sluggish  and  brutal  in  habit. 

From  the  degree  of  adaptation  to  sea  conditions  already  attained, 

«  Pfdeozoic  fishes  of  North  America,  Mono.  XVI,  U.  S.  Geol.  Sur\'.,  1889,  p.  30. 
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Fig.  208. — ^The  Onondaqan  (Corniferous)  Fauna.  Vertebrata:  a,  MacropeiaUchihys 
sullivanti  Newb.  The  fig:ure  represents  the  head  of  one  of  the  most  cliaractcristic 
Onondaga  fishes.  Coral:  6,  Zaphrcntis  ponder^a  Hall.  The  figure  represents  & 
medium-sized,  simple,  hom-coral.  Brachiopoda:*^c,  StropheodonUi  concava  Hall,  and 
d,  Spirifer  acuminatua  (Con.),  two  of  the  most  characteristic  Onondaga  brachiopods ; 
c,  /,  Cyrtina  fiamUtonensia  Hall,  two  xiews  of  a  species  having  a  wide  geographic 
distribution,  and  a  long  geologic  range  in  the  Middle  and  Upper  Devonian  faimas: 
Of  Produciella  spinxdicosta  Hall,  one  of  the  earliest  representatives  of  a  genus  which 
became  wonderfully  abundant  in  the  Upper  Devonian,  and  gave  rise  to  the  typical 
Productus  of  the  Mississippian  and  Carboniferous  faunas.    Gastropoda:  h,  Platyce^ru* 

[(•omt'nued  on  boao  n  o/  p.  -K^.J 
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it  is  probable  that  they  had  been  living  for  some  time  in  the  sea  in 
the  originating  tract  of  the  Onondaga  fauna  somewhere  in  the  northern 
region.  It  is  not  impossible  that  fish  were  inhabitants  of  the  northern 
seas  from  the  late  Silurian  on,  but  not  of  the  more  southerly  seas  pre- 
vious to  the  time  of  this  invasion,  since  their  relics  are  absent  from 
the  preceding  Helderberg  and  Oriskany  formations.  Several  of  the 
genera  of  the  arthrodirans  and  sharks  have  been  found  in  the  deposits 
of  Germany  (Dinichthys,  MacropetalichthySy  MachoBracanthics),  implying 
that  they  lived  in  the  interior  sea  of  Europe  as  well  as  that  of  America. 


Fig.  209. — Diagrammatic  front  view  of  the  dentition  of  Dinichlhys  herzeri,  Huron 
shales,  Delaware,  O.     (After  Newberry.) 

Others  {Acanthaspis  and  Onychodus)  have  been  recognized  in  the 
Lower  Devonian  deposits  of  Spitzbergen,  directly  supporting  the 
suggestion  of  a  northerly  distribution. 

The  profusion  of  corals. — Another  significant  feature  of  the  Onon- 
daga fauna  was  the  extreme  abundance  of  corals.  From  the  rapids 
of  the  Ohio  at  Louisville  there  have  been  collected  more  than  two 
hundred  species  deemed  worthy  of  illustration.  Other  localities  add 
greatly  to  the  total  list.  These  embrace  both  the  simple  cup  form 
(Fig.  208,  b)  and  the  compound  type.  Some  of  the  former  reached 
extraordinary  sizes,  as  in  the  case  of  Zaphrentis  gigantea,  indi\dduals 
of  which  sometimes  attained  a  length  of  eighteen  inches  and  a  diam- 
eter of  three  inches.  The  general  range  in  size  was  wide,  small  and 
large  being  intermingled,  though  the  large  preponderated.  The  salient 
expression  of  the  epoch,  however,  lay  not  so  much  in  the  advance  of 

dumosum  Con.,  a  capulid  shell  with  large,  hollow  spines.  Peleajpoda:  i,  Conoatrdium 
trigonale  Hall,  a  dorsal  view  of  a  common  Onondaga  pelecypod.  The  genus  occurs 
in  the  Silurian  and  also  in  the  Mbsissippian.  Eckinodermata:  /,  Nucleocrinus 
vemevxli  (Troost),  a  blastoid  which  occurs  in  great  numbers  in  one  layer  of  the 
Onondaga  limestone  in  the  Ohio  valley.  Trilobiia:  k,  Odontocephalus  ccgeria 
(Hall),  one  of  the  dalmanites,  showing  the  development  of  ornamentation  on  the 
border  of  the  head  and  tail.  Cephalopoda:  I,  Tomoceras  mithrax  (Hall).  This  is 
the  first  goniatite  to  appear  in  the  faunas  of  America.  The  goniatites  are  dis- 
tinguished from  earlier  representatives  of  the  cephalopods  by  their  lobed  sutures. 
(WeUer.) 
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the  corals  as  organisms  as  in  their  great  luxuriance  and  relative  promi- 
nence. The  reef-building  habit  which  had  appeared  in  the  Niagara 
«poch  reached  a  fuller  expression  at  this  time,  the  reef  at  the  rapids 
of  the  Ohio  being  the  most  famous  example.  This  luxuriance  of  the 
corals  implies  clear  seas  abundantly  enriched  with  floating  organic 
matter.  This  seems  in  turn  to  imply  that  the  higher  lands  and  steeper 
slopes  which  had  perhaps  given  a  notable  inwash  of  sand  and  silt  dur- 
ing the  two  previous  epochs  had  given  place  to  lower  land,  doubtless 
densely  clothed  with  vegetation — ^the  result,  very  likely,  of  an  approach 
to  base-leveling. 

The  unequal  development  of  the  crinoids. — ^That  the  profusion  of 
<5orals,  however,  did  not  find  its  sole  explanation  in  clear  genial  waters 
rich  in  food  may  be  inferred  from  the  relative  poverty  of  the  same  ^ea 
in  crinoids  which  affect  like  conditions.  In  the  Niagara  epoch  the 
crinoids  and  the  corals  flourished  together  in  luxuriance.  In  the 
Onondaga,  the  corals  were  phenomenally  prolific,  while  the  crinoids 
were,  with  local  exceptions,  rather  scant.  This  is  the  more  remark- 
able in  view  of  the  subsequent,  as  well  as  previous,  abtmdance  of  the 
crinoids.  That  the  physical  conditions  were  not  uncongenial  seems 
to  be  shown  by  the  fact  that  the  individuals  present  were  usually  large 
and  bore  no  signs  of  repressive  environment,  but  rather  the  opposite. 
The  repressive  conditions  are  possibly  to  be  fotmd  in  some  imtoward 
feature  of  the  transition  from  the  Niagara  epoch,  which  gave  prece- 
dence to  their  competitors,  the  corals,  an  advantage  which  they  held 
throughout  the  epoch  to  the  measurable  exclusion  of  the  crinoids, 
or  else  in  some  undeterminable  organic  agency. 

Cystoids  have  not  been  found.  They  were  far  down  their  declining 
curve  to  be  sure,  but  were  not  yet  extinct,  for  they  appear  in  the  fol- 
lowing period.  The  Mastoids  were  represented  (Fig.  208,  j),  but  the 
other  echinoderms,  like  the  cystoids,  have  not  been  found,  and  these 
other  branches  were  yet  in  their  ascending  stages.  There  was  doubt- 
less something  in  the  conditions  originating  the  Onondaga  faima  that 
was  adverse  to  the  whole  order,  while  favorable  to  the  corals. 

The  changes  in  the  brachiopods. — ^The  ubiquitous  brachiopods,  as 
usual,  formed  a  large  constituent  of  the  fatma,  both  individual  and 
specific.  Many  were  large  and  gave  evidence  of  congenial  conditions. 
The  spirifers  (Fig.  208,  d)  and  the  stropheodonts  (Fig.  208,  c)  were  the 
most  characteristic  types.  The  majority  of  the  spirifers,  however, 
had  a  retrogressive  look,  in  that  the  fold  and  sinus  were  generally 
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free  from  plications;  as  in  the  earlier  tjrpes.  Some,  however,  were  pli- 
cated on  the  fold  and  sinus,  as  were  many  of  the  later  spirifers  and  S. 
arenosus  (Fig.  207,  ^)  of  the  Oriskany  period  before.  The  plications  on 
the  sides  of  the  shell  of  one  of  the  Onondaga  spirifers  {S.  acuminatys, 
Fig.  208,  d)  were  sometimes  bifm-cated,  a  character  that  was  rare 
among  Devonian  brachiopodsj  but  which  became  common  in  the 
Carboniferous  period.  The  loop-bearing  shells,  which  first  appeared 
in  the  Helderberg,  attained  an  increased  importance.  The  produc- 
tids,  which  had  been  represented  in  the  Niagara  epoch  by  Chonetes, 
were  now  represented  in  addition  by  Productella  (Fig.  208,  gr),  a  deep 
concavo-convex  shell  with  spines  scattered  over  the  surface,  fore- 
shadowing more  definitely  than  the  Chonetes  the  great  development 
of  the  Producius  family  in  the  Carboniferous  period.  The  punctate 
shell,  which  became  an  important  characteristic  in  the  later  Paleozoic 
faunas,  had  its  first  notable  development  in  the  Onondaga,  where  it 
appears  in  both  the  spire-bearing  shell,  Cyrtina  (Fig.  208,  e  and  /), 
and  in  the  loop-bearing  shell,  CryptoneUa,  Meristoid  shells,  which 
were  particularly  abundant  in  the  Helderberg  fauna,  were  few  in  the 
Onondaga,  as  were  also  the  orthids,  while  the  pentamerids  had  dwindled 
to  minor  importance. 

The  notable  development  of  the  cephalopods.  — ^The  mollusks  con-' 
tributed  several  very  notable  features  to  the  faima.  The  cephalo- 
pods in  particular  presented  characters  in  striking  contrast  to  those 
they  bore  in  the  Helderberg  and  Oriskany  faunas.  It  will  be  recalled 
that  the  cephalopods  were  very  meagerly  represented  in  those  faimas. 
In  the  Onondaga,  however,  they  were  present  in  great  abundance  in 
the  old  types,  and  in  addition,  they  presented  an  important  new  one, 
the  lobate-sutured  goniatitcs  (Fig.  208,  Z).  It  will  be  remembered  that 
m  the  primitive  types  of  the  cephalopods  the  septa  of  the  shells  were 
plain,  or  symmetrically  curved,  and  that  the  line  of  juncture  with 
the  outer  shell  was  a  simple  curve.  In  the  goniatites,  the  septa  were 
abruptly  bent  and  the  suture-line  lobed,  as  illustrated  in  Fig.  208,  l. 
This  was  the  first  notable  step  in  the  flexation  of  the  septa  and  of 
their  sutures,  a  character  which  was  to  attain  remarkable  compli- 
cation in  the  Mesozoic  era.  Had  this  new  and  divergent  type  appeared 
alone  after  the  dearth  of  cephalopods  in  the  Helderberg  and  Oriskany 
fatmas,  it  might  have  been  attributed  to  the  repressive  conditions 
which  that  dearth  seems  to  imply,  but  the  old  forms  accompanied 
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it  in  notable  abundance,  as  already  remarked.  Seventy  species  of 
cephalopods  are  described  from  this  fauna  in  New  York  alone.  They 
were  particularly  abundant  in  the  Schoharie  grit  (p.  422),  which  occu- 
pied the  same  district  and  had  the  same  essential  characters  as  the 
Oriskany  sandstone,  which  had  been  so  barren  of  cephalopods.  They 
were  also  abundant  in  the  calcareous  tracts  farther  west,  thus  exhibit- 
ing their  relative  independence  of  bottom  conditions,  as  might  be 
expected  of  free-moving,  predaceous  animals.  While  the  orthocera- 
tites  did  not  reach  the  gigantic  dimensions  of  their  Ordovician  prede- 
cessors, individually  they  attained  fair  sizes,  three  inches  in  diam- 
eter being  not  imcommon.  The  club-shaped  Gomphoceras  appeared 
in  many  large  species,  and  the  curved  Cyrtoceras  and  Gyroceras  were 
abundant,  while  the  closely  coiled  Nautilus  was  present  but  not  abun- 
dant. The  ornamentation  of  the  exterior  was  a  notable  feature,  but 
quite  inferior  to  the  elaborate  ornamentation  which  it  foreshadowed. 
This  prolific  retention  of  old  forms,  combined  with  the  introduction 
of  a  new  type,  points  apparently  to  some  distinctive  set  of  conditions 
which  distinguished  the  history  of  the  Onondaga  faima,  either  in  il& 
originating  tract,  or  in  its  expansional  stage,  or  in  both. 

The  persistence  of  the  previous  types  of  the  gastropods  and  pelecy- 
pods. — On  the  other  hand,  it  is  to  be  noted  that  the  gastropods  were 
present  in  abundance  and  largely  in  the  same  peculiar  facies  that  the}'- 
had  assumed  in  the  Helderberg  and  Oriskany  faimas.  As  there,  the 
capulids  were  numerous,  though  perhaps  less  abundant.  The  acquisi- 
tion of  spines,  which  was  initiated  in  the  Oriskany  fauna,  became  a 
pronounced  feature  in  this  (Fig.  208,  A),  and  perhaps  signified  that 
there  was  occasion  for  defense,  an  occasion  which  either  the  fishes 
or  the  cephalopods  could  doubtless  have  supplied.  There  were  many 
other  forms  of  gastropods,  including  Euomphalus,  coiled  in  a  plane,, 
and  Murchisonia,  coiled  in  a  very  high  spire.  These,  with  the  cap- 
shaped  capulids,  filled  out  a  full  complement  of  gastropod  types. 
There  was  a  notable  similarity  of  the  gastropods  to  those  of  the 
Helderberg  and  Oriskany  faunas,  which  seems  to  imply  derivation 
from  them,  in  contrast  with  the  peculiarities  of  the  cephalopods  which 
seem  to  imply  an  origin  from  some  other  fauna. 

The  pelecypods  were  also  abundant  and  often  resembled  those 
of  the  Helderberg  and  Oriskany  from  which  many  of  them  were 
descended.    The  large  oblique-winged  aviculids  were  again  conspicu- 
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ous,  and  Conocardium  (Fig.  208,  i),  distinguished  by  the  flattening 
of  one  end  and  the  protrusion  of  the  other,  reappeared,  having  been 
absent  from  the  Helderberg  and  Oriskany,  after  being  represented 
by  several  species  in  the  Silurian. 

The  revival  of  the  trilobites. — ^Trilobites  were  present  in  more 
than  half  a  hundred  species,  a  notable  increase  over  the  known  sppcies 
of  the  same  region  in  the  preceding  epoch.  The  presence  of  a  remark- 
able number  of  highly  ornamented  species  was  a  conspicuous  feature. 
Spines,  nodes,  and  granulations  freely  diversified  their  somewhat 
erratic  forms.  The  dalmanites  led  in  this  decorative  movement, 
though  the  species  here  represented  (Fig.  208,  k)  is  a  modest  form. 
As  far  back  as  the  Niagara,  this  genus  had  shown  its  ornamental  ten- 
dencies, but  it  only  reached  its  maximum  display  in  the  Onondaga 
epoch.  Its  chief  rivals  in  these  lines  were  the  acidaspids  and  lichads. 
Other  crustaceans  were  but  sparingly  represented,  the  barnacles  alone 
having  been  found  thus  far. 

Other  forms. — Of  other  types,  there  were  annelids,  sponges,  hydro- 
zoans,  bryozoans,  and  probably  protozoans,  all  of  which  played  incon- 
spicuous though,  in  the  economy  of  the  whole,  doubtless  not  unim- 
portant parts. 

The  foregoing  sketch  has  been  based  essentially  upon  the  aspects 
presented  by  the  Onondaga  fauna  as  found  in  the  eastern  interior  basin. 
In  the  James  Bay  region  its  facies  is  not  well  known.  Corals  were  a 
conspicuous  element  and  the  identification  of  the  fauna  has  been  based 
chiefly  on  them.  Fishes  were  also  present  there,  a  fact  to  be  noted 
in  view  of  the  question  of  their  previous  home.  No  capulids,  or  gas- 
tropods of  any  kind,  have  been  reported.  Their  absence  may  be 
attributed  in  part  to  the  smallness  of  the  collections — ^for  the  entire 
absence  of  gastropods  is  highly  improbable — but  their  presence  in 
great  abundance,  as  in  the  Helderberg  and  Oriskany  faunas,  is  equally 
improbable,  and  the  most  reasonable  conclusion  is  that  the  gastro- 
pods were  but  an  inferior  element  in  the  James  Bay  fauna,  and  that 
the  large  gastropodous  factor  of  the  Onondaga  of  the  interior  sea  was 
derived  from  the  Oriskany  faima  already  in  possession  of  the  ground 
when  the  succeeding  invasion  took  place.  This  is  supported  by  the 
resemblances  already  noted. 

We  have  no  evidence  that  any  of  the  distinctive  species  of  the 
Onondaga  faima  lived  in  the  South  American  region,  where  certain  of 


468  GEOLOGY. 

the  Oriskany  species  lived  before  and  where  certain  of  the  Hamilton 
species  lived  afterwards.  This  implies  that  the  Onondaga  fauna  was 
not  distributed  in  that  direction.  In  the  St.  Lawrence  embayment, 
which  had  played  so  critical  a  part  in  the  evolution  of  the  American 
Paleozoic  life,  the  Onondaga  fauna  appears  to  have  no  distinct  repre- 
sentation. Such  traces  as  are  present  appear  to  be  only  those  which 
might  arise  from  the  counter-migration  of  Onondaga  tribes  into  this 
breeding-ground  of  migrations.  There  was  quite  certainly  connec- 
tion with  northern  Europe,  because  a  notable  number  of  peculiar 
types  are  common  to  the  two  regions. 

The  whole  assemblage  of  life  displayed  in  this  remarkable  fauna 
seems  to  be  explicable  by  postulating  a  generating  tract  in  the  Hudson 
Bay  embayment,  or  in  some  more  northerly  or  northeasterly  region, 
possibly  on  the  Eurasian  continent.  Into  this  it  may  be  assimied 
that  a  portion  of  the  Silurian  fauna  retired,  and  underwent  develop- 
ment by  itself.  This  fauna,  after  a  prolonged  evolution  in  the  northern 
region,  during  which  the  Helderberg  and  Oriskany  faunas  were  suc- 
cessively occupying  the  interior,  invaded  the  eastern  interior  sea. 
Upon  entrance,  this  fauna  in  part  displaced  and  in  part  commingled 
with  the  Oriskany  fauna  which  then  occupied  the  ground.  Some 
lingering  representatives  of  the  Helderberg  fauna  were  probably  also 
present.  This  admixture  of  exotic  and  indigenous  forms,  evolving 
together  under  the  congenial  conditions  of  the  interior  sea,  developed 
the  later  phases  of  the  Onondaga  fauna. 

The  Southern  Hamilton  Fauna. 

The  life  which  occupied  the  eastern  portion  of  the  interior  sea 
during  the  earlier  part  of  the  Hamilton  epoch  will  be  best  imderstood 
by  calling  again  to  mind  the  geographic  changes  which  permitted  the 
entrance  of  a  new  factor  from  the  south  and  controlled  the  develop- 
ment of  the  whole.  There  appears  to  have  been  a  warping  of  the  sur- 
face by  which  the  land  at  the  northeast  was  gently  lifted  and  its  rivers 
rejuvenated,  so  that  they  bore  much  more  silt  into  the  basin  than 
before,  and  this,  spreading  widely  over  the  bottom,  changed  the  deposit 
from  limestone  to  shale  in  that  part  of  the  basin,  while  the  formation 
of  limestone  continued  as  before  in  the  western  portion.  This  warp- 
ing movement  may  have  been  accompanied  and  abetted  by  climatic 
and  vegetal  conditions  favorable  to  silt  wash.    The  warping  appean 
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to  have  gone  so  far  at  length  as  to  close  the  eastern  straits  through 
which  the  Helderberg  and  Oriskany  faunas  had  entered.  In  the 
southwestern  region  the  warping  was  downward  and  permitted  the 
sea  to  creep  out  upon  the  previous  land,  as  shown  by  the  overlap  of 
the  Hamilton  formation.  There  is  no  positive  stratigraphic  proof 
that  this  went  so  far  as  to  make  a  connection  with  the  ocean  in  that 
direction,  but  this  seems  highly  probable.  It  is  quite  obvious  from 
the  nature  of  the  life  that  an  oceanic  connection  was  maintained  some- 
where, and  there  is  an  absence  of  evidence  that  it  was  maintained 
either  to  the  northeast  or  to  the  north,  for  no  Hamilton  beds  are  found 
in  those  directions,  nor  are  there  any  faunal  indications  of  such  a 
connection.  On  the  other  hand,  the  fauna  contains  peculiar  forms 
foimd  also  in  South  America,  and  this  fact,  together  with  certain  fea- 
tures of  distribution  within  the  interior,  strengthens  the  presimiption 
of  a  connection  lying  somewhere  in  the  lower  Mississippi  tract.  Unfor- 
timately  this  region  is  very  deeply  buried  beneath  yoimger  deposits, 
and  a  stratigraphic  demonstration  of  the  continuity  of  the  Hamilton 
sediments  through  the  supposed  strait  is  impracticable. 

Assuming  that  these  were  the  physical  conditions  which  led  to 
its  introduction,  the  earlier  Hamilton  fauna  may  be  regarded  as  the 
result  of  a  resident  clear-water  fauna  contending  with  increasing  tur- 
bidity of  water  on  the  one  hand,  and  with  the  invasion  of  a  southern 
fauna  on  the  other.  It  involved  the  domestic  modification  of  the 
resident  fauna  to  fit  new  conditions,  and  the  absorption  and  accom- 
modation of  foreign  accessions,  for  the  latter  do  not  seem  to  have 
overpowered  the  former.  It  was  not  therefore  so  radical  a  transforma- 
tion as  that  which  attended  the  introduction  of  the  Onondaga  fauna, 
when  the  invaders  were  not  only  the  master  type,  but  were  aided  by  a 
progressive  physical  change  in  their  favor. 

The  progress  of  the  sharks  and  arthrodirans. — The  relics  of  Hamil- 
ton fish  thus  far  recovered  are  less  numerous  than  those  of  the  pre- 
vious epoch,  and,  like  them,  are  largely  fragmentary,  but  they  indi- 
cate an  advance  in  structural  development.  The  arthrodirans  reached 
their  climax  in  massiveness  and  distinctive  characters.  The  Dinichthys 
herzerij  the  leading  type,  was  one  of  the  largest  and  most  formidable 
fish  known,  with  an  estimated  length  of  20  feet,  and  very  massive  pro- 
portionately. It  was  armed  with  formidable  mandibles  two  feet  in 
length,  which,  in  lieu  of  teeth,  were  developed  into  shear-like  and  beaked 
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the  Oriskany  species  lived  before  and  where  certain  of  the  Hamilton 
species  lived  afterwards.  This  implies  that  the  Onondaga  fauna  was 
not  distributed  in  that  direction.  In  the  St.  Lawrence  emba5anent, 
which  had  played  so  critical  a  part  in  the  evolution  of  the  American 
Paleozoic  life,  the  Onondaga  fauna  appears  to  have  no  distinct  repre- 
sentation. Such  traces  as  are  present  appear  to  be  only  those  which 
might  arise  from  the  counter-migration  of  Onondaga  tribes  into  this 
breeding-groimd  of  migrations.  There  was  quite  certainly  connec- 
tion with  northern  Europe,  because  a  notable  number  of  peculiar 
types  are  common  to  the  two  regions. 

The  whole  assemblage  of  life  displayed  in  this  remarkable  fauna 
seems  to  be  explicable  by  postulating  a  generating  tract  in  the  Hudson 
Bay  embayment,  or  in  some  more  northerly  or  northeasterly  region, 
possibly  on  the  Eurasian  continent.  Into  this  it  may  be  assumed 
that  a  portion  of  the  Silurian  fauna  retired,  and  underwent  develop- 
ment by  itself.  This  fauna,  after  a  prolonged  evolution  in  the  horthern 
region,  during  which  the  Helderberg  and  Oriskany  faunas  were  suc- 
cessively occupying  the  interior,  invaded  the  eastern  interior  sea. 
Upon  entrance,  this  fauna  in  part  displaced  and  in  part  commingled 
with  the  Oriskany  fauna  which  then  occupied  the  ground.  Some 
lingering  representatives  of  the  Helderberg  faima  were  probably  also 
present.  This  admixture  of  exotic  and  indigenous  forms,  evolving 
together  under  the  congenial  conditions  of  the  interior  sea,  developed 
the  later  phases  of  the  Onondaga  fauna. 

The  Southern  Hamilton  Fauna. 

The  life  which  occupied  the  eastern  portion  of  the  interior  sea 
during  the  earlier  part  of  the  Hamilton  epoch  will  be  best  understootl 
by  calling  again  to  mind  the  geographic  changes  which  permitted  the 
entrance  of  a  new  factor  from  the  south  and  controlled  the  develop- 
ment of  the  whole.  There  appears  to  have  been  a  warping  of  the  sur- 
face by  which  the  land  at  the  northeast  was  gently  lifted  and  its  riven? 
rejuvenated,  so  that  they  bore  much  more  silt  into  the  basin  than 
before,  and  this,  spreading  widely  over  the  bottom,  changed  the  deposit 
from  limestone  to  shale  in  that  part  of  the  basin,  while  the  formation 
of  limestone  continued  as  before  in  the  western  portion.  This  warp- 
ing movement  may  have  been  accompanied  and  abetted  by  climatic 
and  vegetal  conditions  favorable  to  silt  wash.    The  warping  appears 
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to  have  gone  so  far  at  length  as  to  close  the  eastern  straits  through 
which  the  Helderberg  and  Oriskany  faunas  had  entered.  In  the 
southwestern  region  the  warping  was  downward  and  permitted  the 
sea  to  creep  out  upon  the  previous  land,  as  shown  by  the  overlap  of 
the  Hamilton  formation.  There  is  no  positive  stratigraphic  proof 
that  this  went  so  far  as  to  make  a  connection  with  the  ocean  in  that 
direction,  but  this  seems  highly  probable.  It  is  quite  obvious  from 
the  nature  of  the  life  that  an  oceanic  connection  was  maintained  some- 
where, and  there  is  an  absence  of  evidence  that  it  was  maintained 
either  to  the  northeast  or  to  the  north,  for  no  Hamilton  beds  are  foimd 
in  those  directions,  nor  are  there  any  faimal  indications  of  such  a 
connection.  On  the  other  hand,  the  faima  contains  peculiar  forms 
found  also  in  South  America,  and  this  fact,  together  with  certain  fea- 
tures of  distribution  within  the  interior,  strengthens  the  presimiption 
of  a  connection  lying  somewhere  in  the  lower  Mississippi  tract.  Unfor- 
tunately this  region  is  very  deeply  buried  beneath  younger  deposits, 
and  a  stratigraphic  demonstration  of  the  continuity  of  the  Hamilton 
sediments  through  the  supposed  strait  is  impracticable. 

Assuming  that  these  were  the  physical  conditions  which  led  to 
its  introduction,  the  earlier  Hamilton  fauna  may  be  regarded  as  the 
result  of  a  resident  clear-water  faima  contending  with  increasing  tur- 
bidity of  water  on  the  one  hand,  and  with  the  invasion  of  a  southern 
fauna  on  the  other.  It  involved  the  domestic  modification  of  the 
resident  fauna  to  fit  new  conditions,  and  the  absorption  and  accom- 
modation of  foreign  accessions,  for  the  latter  do  not  seem  to  have 
overpowered  the  former.  It  was  not  therefore  so  radical  a  transforma- 
tion as  that  which  attended  the  introduction  of  the  Onondaga  fauna, 
when  the  invaders  were  not  only  the  master  tjrpe,  but  were  aided  by  a 
progressive  physical  change  in  their  favor. 

The  progress  of  the  sharks  and  arthrodirans. — The  relics  of  Hamil* 
ton  fish  thus  far  recovered  are  less  numerous  than  those  of  the  pre- 
vious epoch,  and,  like  them,  are  largely  fragmentary,  but  they  indi- 
cate an  advance  in  structural  development.  The  arthrodirans  reached 
their  climax  in  massiveness  and  distinctive  characters.  The  LHnichthys 
herzeri,  the  leading  type,  was  one  of  the  largest  and  most  formidable 
fish  known,  with  an  estimated  length  of  20  feet,  and  very  massive  pro- 
portionately. It  was  armed  with  formidable  mandibles  two  feet  in 
length,  which,  in  lieu  of  teeth,  were  developed  into  shear-like  and  beaked 
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cutting  edges  that  closed  upon  their  fellows  in  much  the  way  the  man- 
dibles of  a  turtle  do.  These  are  illustrated  diagrammatically  in  Fig.  209. 
The  forward  portion  of  the  body  was  encased  in  heavy  armor-plates, 
gi\dng  great  defensive  as  well  as  offensive  power.  Related  t\TXJs  of 
less  formidable  aspect  are  also  known.  The  sharks  are  most  conunonly 
represented  by  their  teeth  and  highly  developed  fin-spines,  some  of 
the  latter  reaching  a  foot  in  length.  In  both  classes  the  implements 
of  warfare  make  up  nearly  the  whole  record,  and  this  doubtless  cor- 
rectly implies  the  dominant  state  of  affairs  in  the  vertebrate  kingdom. 

The  decline  of  the  corals. — The  corals  of  the  Onondaga  fauna  lived 
on  in  some  notable  measure  and  constituted  an  element  in  the  new 
faima.  They  were  adversely  affected  by  the  increased  turbidity  of 
the  waters,  and  retired  largely  to  the  western  part  of  the  basin  and 
declined  greatly  in  importance. 

The  advance  of  the  crinoids. — ^The  Echinodermata  were  somewhat 
better  represented,  crinoids,  cystoids,  blastoids,  and  asteroids  being 
present,  though  not  generally  prolific.  Locally  the  crinoids  must 
have  been  abundant,  for  certain  limestone  beds  are  largely  composed 
of  crinoidal  remains.  The  Hamilton  genera  were  usually  the  same 
as  those  of  the  preceding  Onondaga  epoch,  but  not  a  few  additional 
ones  appeared,  a  foreshadowing  of  the  remarkable  crinoidean  develoo- 
ment  of  the  early  Carboniferous  period.  A  very  peculiar  form  was 
the  Arthroacantha  (Fig.  210,  q)y  which  was  furnished  with  movable  spines 
placed  miscellaneously  over  all  the  plates  of  the  dorsal  cup,  and  attached 
to  the  calyx  by  means  of  a  ball-and-socket  joint  like  the  spines  of  the 
sea-urchins,  an  obvious  case  of  parallel  evolution.  The  cystoids  reappear 
in  feebleness  in  the  single  genus  Agelacrinus.  The  blastoids  increased 
their  representatives  notably,  some  species  being  similar  to  those  of 
the  Onondaga,  while  others,  as  the  Pentremitidea,  approached  the  type 
of  the  Carboniferous  pentremites.  One  of  the  most  peculiar  of  the 
blastoids  was  the  irregular  Eleutherocrinus  (Fig.  210,  o  and  p),  which 
was  unlike  any  earlier  member  of  the  group.  Some  finely  preserved 
starfishes  have  been  found,  but  they  were  not  abundant.  They  fol- 
lowed the  Paleozoic  type  in  those  features  in  which  the  later  forms 
differ  from  the  earlier. 

The  climacteric  deployment  of  the  brachiopods. — The  brachiopod^, 
true  to  their  persistent  nature,  held  an  important  place  in  this  fauna 
as  before.    They  were  no  less  numerous  individuaJly  or  specifically; 
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Fio.  210. — The  Hamilton  Fauna.  Crustacea:  a,  Echinocaris  punctata  (Hall),  one 
of  the  phyllocarid  crustaceans,  a  group  more  highly  organized  than  the  trilobites; 
6,  ProU)balanus  ^mi//!onerww  Whitf.,  a  sessile  cirriped;  one  of  the  earliest  repre- 
sentatives of  these  degenerate  crustaceans.  Cephalopoda:  c,  GoniatUes  vanuxemi 
(Hall),  one  of  the  goniatites  which  become  more  numerous  in  this  fauna.  Bryozoa: 
dy  Feneslella  emaciata  Hall,  one  of  the  fenestelloid  forms  which  became  very 
abundant  in  the  Middle  Devonian  faunas.  Pelecyvoda:  e,  Pterinea  flabella  (Con.); 
/,  Palw  nexli  constricta  (Con.),  and  a,  Cypricardella  bellistriatus  (Con.);  t4iree  of 
the  common  forms  of  pelecypods  in  the  Hamilton  fauna.  Gastropoda:  /i,  Loxonema 
fuunUtonice  Hall,  a  high  spiral  shell  of  a  form  not  uncommon  in  tnis  fauna.  Brack- 
lopoda:  i,  Spirifer  pennatus  (Atw.),  one  of  the  long-hinge-lined  spirifers  more 
conspicuous  in  tne  Middle  and  Upper  Devonian  than  elsewhere;  ;,  Rhipidomella 
vanuxemi  HaU,  one  of  the  orthid  genera  which  has  its  great  development  in  the 
Devonian;  A:,  Tropidoleptus  carinalus  (Con.);  /,  Vitulina  pustulosa  Hall,  and  m 
and  n,  Chonetes  coronatus  (Con.),  three  peculiar  8i)ecies  of  brachiopods  in  the  Hamil- 
ton fauna.  They  have  their  closest  relationships  with  South  American,  Middle 
Devonian  species.  Echinodermata:  o-p,  Eleutherocrinus  ccuisedayi  S.  and  Y.,  a 
peculiar,  irregular  blastoid  whose  form  has  been  modified  by  the  loss  of  its  column 
and  its  pentamerous  synmietry.  During  life  it  probably  rested  upon  one  side 
on  the  sea-bottom;  q,  Arthr  acaniha  punctobrachiala  Williams,  a  peculiar  genus  of 
crinoids  restricted  to  the  Middle  and  I'pper  Devonian  faunas.  It  is  characterired 
by  the  presence,  on  the  plates  of  the  calyx,  of  movable  spines  similar  to  those  on 
the  sea-urchins.  TriUArUa:  r,  PhacopK  rana  (Greene),  the  most  common  trilobitc* 
of  the  Hamilton  fauna.  The  genus,  although  present  in  the  Silurian,  has  its  great 
expansion  in  the  Devonian;  s,  Cryphceus  boothi  Greene.  This  is  one  of  tjie  last 
of  the  dalmanites.  Note  the  serrated  margin  of  the  tail,  and  compare  i^ith  Fiirs- 
208,  it,  and  208,  u. 
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indeed  their  climax  of  deployment  lies  somewhere  here.    Their  curve 
was  so  broad  that  its  highest  point  is  not  easily  fixed  with  exactness. 
In  many  respects  the  brachiopods  of  this  faima  were  closely  allied 
to  those  of  the  Onondaga  and  many  species  passed  unchanged  from 
the  earlier  into  the  later  fauna.    In  most  cases  the  changes  in  the 
environment  were  paralleled  by  changes  in  form  that  rose  to  specific 
value.    The  lowly  inarticulate  brachiopods  still  persisted  as  a  minor 
factor,  while  the  more  highly  differentiated  forms  attained  wide  diver- 
sity and  high  rank.    The  stropheodontaa  retained  about   the  same 
relative  place,  waning  somewhat  perhaps  in  size,  though  still  often 
large.    The  spirifers  reached  a  climax  in  the  extension  of  their  hinge- 
lines   (Fig.   210,  i).    This  extension  is  particularly  characteristic  of 
the  Hamilton  epoch,   though  a  feature   of  the  Devonian  generally. 
The  geological  series  perhaps  presents  no  simpler  or  more  obtrusive 
character  by  which  a  formation  may  be  identified  than  these  excessively 
broad-winged  spirifers.    Some  specimens  had  a  breadth  along  the  hinge- 
line  four  or  five  times  as  great  as  the  length  of  their  shells,  if  breadth 
may  be  said  to  be  greater  than  length  in  any  case.    The  Orthis  family, 
once  so  prominent,  had  fallen  to  a  very  subordinate  place.    The  pro- 
ductids   increased   notably,    and   were    obviously   advancing   toward 
their  great  expansion  in  the  Carboniferous  period.    The  meristoids 
fell  away  and  were  nearing  the  close  of  their  career.    The  loop-bearers 
of  the  TerebratiUa  and  Cryptonella  types  increased.    The  persistent 
RhynchoneUa  family  was  represented  by  species  wonderfully  prolific 
in  individuals.    The  pentamerids  made  but  a  feeble  showing.    Several 
species  of  extreme  interest  and  significance  invite  special  notice,  among 
which  are    Troyidoleptus  carinalas  (Fig.  210,  k),   Vitulina  pustulosa 
(Fig.  210,  I),  and  Chonetes  coronatus  (Fig.  210,  m  and  n).    The  first 
two  belong  to  peculiar  genera  not  previously  found  in  the  interior 
basin.    Apparently  they  could  not  have  been  derived  from  any  of 
the  preceding  inhabitants  of  the  region.    The  third  species  belonged 
to  a  genus  represented  by  other  species  that  previously  lived  in  the 
region,  but  this  particular  species  is  peculiar,  and  does  not  give  signs 
of  any  near  kinship  to  the  previously  resident  members  of  the  genas. 
All  these  forms  were  locally  abundant  in  the  Hamilton  assemblage. 
They  bear  the  marks  of  immigrants,  however,  and  a  search  for  their 
former  home  and  relatives  reveals  the  fact  that  in  South  America 
the  same  species,  or  closely  allied  ones,  lived  in  abundance,  and  that 
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they  are  there  preserved  in  beds  which  overlie  beds  containing  Oriskany 
forms.  This  means  that  they  lived  in  South  America  at  a  time  just 
previous  to  or  nearly  identical  with  their  appearance  in  the  North 
American  fauna.  That  they  were  inmiigrants  from  the  south  is  the 
almost  necessary  inference. 

The  advance  of  the  cephalopods. — ^The  moUusks  were  an  interesting 
factor  of  the  Hamilton  fauna.  The  new  lobate-sutured  cephalopods, 
the  goniatites,  which  were  represented  by  a  single  known  species  in 
the  previous  fauna,  now  appeared  in  six  species.  One  of  these,  Gonia- 
Hies  vanuxemi  (Fig.  210,  c)  reached  the  notable  size  of  a  foot  in  diam- 
eter. The  Nautilus  regained  the  prominence  it  had  lost  since  the 
Niagara  epoch  and  appeared  in  forms  rivaling  the  large  goniatites, 
and  some  of  them  began  to  exhibit  the  node-like  ornamental  expan« 
sions  of  the  shell  which  became  so  conspicuous  in  the  later  Carbon- 
iferous faunas.  It  seems  to  have  replaced  the  more  loosely  coiled 
Cyrtoceras  and  Gyroceras  of  the  previous  fauna.  The  straight  forms 
were  present  and  were  closely  allied  to  those  of  the  Onondaga  epoch. 

The  abundance  of  the  pelecypods. — ^The  silty  bottoms  favored  the 
pelecypods,  and  they  developed  in  great  abundance,  the  number  of 
recognized  species  approaching  200.  The  aviculids  of  the  obliquely 
winged  type  were  the  most  conspicuous  and  characteristic.  A  repre- 
sentative form  is  illustrated  in  Fig.  210,  e.  A  part  of  the  pelecypods 
were  obviously  derived  from  Onondagan  predecessors,  while  others 
were  peculiarly  Hamilton  types,  either  immigrants,  or  forms  so  widely 
different  from  Onondagan  forms  that  their  parentage  is  unrecognizable. 

The  subordinate  place  of  the  gastropods.  — Though  fairly  abundant, 
the  gastropods  were  quite  inferior  to  the  pelecypods  in  numbers.  The 
genera  were  almost  entirely  the  same  as  in  the  Onondaga  epoch,  though 
the  species  were  largely  new.  The  capulids  were  still  abundant,  but 
by  no  means  so  plentiful  as  in  the  preceding  faunas.  The  pteropods, 
again  on  the  ascendant,  were  represented  by  Conularia,  tentaculites, 
and  a  minute  Styliola  which  largely  formed  certain  thin  beds  of  lime- 
stone, as  the  tentaculites  had  previously  done. 

Other  features. — The  Hamilton  trilobites  differed  notably  from 
the  Onondagan  in  being  much  inferior  in  numbers  and  much  less  orna- 
mented. The  dalmanites  was  present,  but  in  relatively  modest  garb. 
As  an  offset,  the  other  crustaceans  were  more  amply  represented  by 
the  phyllocarids  (Fig.  210,  a)  and  cirripeds  (Fig.  210,  6).    Among  the 
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latter  were  the  first  known  barnacles  of  the  modern  sessile  ijP^.  In 
losing  its  pedicel,  and  in  fixing  itself  immovably  on  other  objects,  it 
became  a  degenerate  type,  but  it  found  an  unworthy  place  for  itself 
to  which  it  has  hung  with  wonderful  persistency,  not  unlike  the  debased 
human  class  which  it  has  come  to  typify,  for  it  has  lived  through  all 
the  ages  since,  and  still  shows  no  signs  of  extinction. 

The  Northwestern  Hamilton  Fauna. 

While  the  preceding  fauna  was  developing  in  the  eastern  interior 
sea  and  apparently  receiving  contributions  from  more  southerly  coasts, 
another  fauna  was  evolving  on  somewhat  different  lines  in  a  sea  that 


Fig.  211. — ^This  curve  is  compiled  chiefly  from  data  contained  in  Schuchert's 
Synopsis  of  American  Fossil  Brachiopoda,  and  represents  approximately  the 
stAte  of  our  present  knowledge  of  the  geologic  range  of  the  genera  of  fossil 
Brachiopoda.  The  broken  line  represents  tne  number  of  new  genera  initiated  during 
the  successive  geolo^c  periods;  the  full  line  represents  the  total  number  of  genera 
present;  and  the  difference  between  the  two  represents  the  number  of  geners 
which  have  passed  over  from  the  preceding  perioa. 

appears  to  have  overspread  a  large  tract  in  the  northwestern  interior. 
This  sea  embraced  portions  of  Missouri,  Iowa,  Manitoba,  and  the 
Mackenzie  valley.  It  doubtless  had  its  oceanic  connection  at  the 
north  or  northwest.  It  does  not  appear  to  have  had  any  connection 
with  the  ocean  to  the  south  in  the  earlier  stages.    It  seems  to  have 
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gradually  extended  itself  to  the  southward  and  at  length  to  have  joined 
the  eastern  sea  across  the  tract  stretching  from  the  old  lands  of  Wis- 
consin to  the  similar  old  lands  of  Missouri  which  had  in  the  earlier 
stages  formed  a  separating  isthmus,  but  which  at  length  became  sub- 
merged by  the  advance  of  the  seas  on  either  hand.  This  northwestern 
fauna  was  closely  allied  to  the  Middle  Devonian  fauna  of  eastern  and 
central  Europe.  So  close  indeed  is  the  similarity  that  the  inference 
is  forced  that  there  was  free  intercommunication  between  the  two 
regions.  The  prolonged  sea-arm  that  reached  down  the  great  interior 
valley  of  the  northwest  was  perhaps  no  more  than  an  eastern  exten- 
sion of  the  Eurasian  Middle  Devonian  province.^  The  extension  of 
this  great  sea-arm  took  place  late  in  the  Devonian  period,  for  the 
strata  bearing  its  peculiar  life  lie  directly  on  the  older  formations  in 
Missouri,  Iowa,  and  Minnesota,  with  no  Lower  Devonian  beds  between, 
showing  that  the  sea  crept  in  after  the  earlier  Devonian  epochs  had 
passed.  The  brachiopods  furnish  the  most  decisive  evidence  respect- 
ing the  relations  and  genesis  of  this  northwestern  fauna. 

Brachiopods  as  evidence  of  geographic  connections. — In  Europe  there 
is  a  horizon  so  well  marked  by  Hypothyris  (RhynchoneUa)  cvboides 
that  it  is  known  as  the  "  cuboides  zone  "  and  has  a  notable  place  in 
the  literature  of  the  subject  under  that  name.^  This  species  also  occurs 
in  eastern  Asia  (China),  in  northwestern  America  (Mackenzie  valley), 
in  western  America  (Great  Basin),  and  in  the  American  interior,  as 
far  east  as  New  York.  To  show  how  well  the  peculiarities  of  this 
form  are  held  through  this  wide  distribution,  figm^s  of  typical  indi- 
viduals from  England  (Fig.  212,  h),  Russia  (Fig.  212,  /),  China  (Fig.  212, 
g),  the  Great  Basin  (Fig.  212,  i),  and  New  York  (Fig.  212,  e)  are 
arranged  side  by  side.  Their  close  similarity  is  very  notable.  Spiri- 
Jer  disjunctus  is  another  brachiopod  of  similar  range,  illustrations  of 
which  from  England,  China,  Mackenzie  valley,  and  New  York  are 
arranged  for  comparison  (Fig.  212,  a,  b,  c,  and  d).  Schizophoria  (Orthis) 
striatula  is  still  another  species  common  to  Europe,  Asia,  and  different 
parts  of  America,  and  is  illustrated  by  specimens  from  England,  China, 
Mackenzie  valley,  Nevada,  Iowa,  and  New  York  (Fig.  212,  /,  k,  I, 
m,  n,  and  o).  Gypidula  comis  from  Iowa  and  China  is  illustrated  by 
Fig.  212,  p  and  q,  and  Spirifer  tullius  by  specimens  from  New  York 

»  WeUer,  Joum.  of  Geo!.,  Vol.  VI,  p.  306. 

'Williams,  The  Cuboides  Zone  and  its  Fauna.     Bull.  G.  S.>.,  Vol.  I,  p.  481,  1S90. 
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and  Mackenzie  valley  (Fig.  212,  r  and  s).  These  strikingly  illustrate 
the  community  of  this  wide-ranging  fauna,  and  its  close  approach 
to  a  cosmopolitan  fauna.  Now  none  of  these  species  had  any  repre- 
sentative at  all  closely  allied  to  it  in  the  southern  Hamilton,  nor  are 
there  any  species  in  it  from  which  these  forms  could  probably  have 
been  derived.  On  the  other  hand,  allied  forms  have  been  found  in 
England,  Belgium,  France,  Germany,  Russia,  Persia,  and  China.  This 
seems  to  make  it  clear  that  the  derivation  was  from  that  quarter, 
and  that,  while  the  American  northwestern  faima  had  close  connection 
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Fig.  212. — Upper  Devonian  Brachiopoda,  showing  the  geographic  distribution  of 
five  species:  Spirifer  disjunctua  Sow.;  a,  England;  &,  China;  c,  Mackenzie  valley; 
d,  New  York.  Hypothyris  cuboides  (Sow.);  c,  New  York;  /,  Russia;  y,  China; 
hf  England-  i,  Great  Basin.  Schizophoria  striatula  (Schl.);  j,  Mackenzie  valley; 
k,  New  York;  /,  England;  m,  China;  n,  Iowa;  o,  Nevada.  GyjHdula comis  (Owen); 
Pf  Iowa;  q^  China.     Spirifer  tuUius  Hall;  r,  New  York;  s,  Mackenzie  valley. 

with  the  Eurasian  continent,  it  had  no  previous  migratory  relations 
with  the  eastern  and  southern  Hamilton  province.  This  is  further 
strengthened  by  the  fact  that  while  the  latter  had  species  of  South 
American  origin,  none  of  these  latter  are  found  in  the  northwestern 
fauna  previous  to  the  joining  of  the  two  provinces  at  the  close  of  this 
stage.  Wide-ranging  as  both  the  Hamilton  faunas  were,  they  had 
not  yet  entirely  escaped  from  provincial  limitations. 

The  corals  of  the  northwestern  Hamilton  fauna  were  of  the  Onon- 
daga type,  which  seems  to  indicate  that  at  an  earlier  stage  the  Onon- 
daga fauna  and  the  ancestors  of  the  northwestern  Hamilton  fauna 
came  into  communication,  as  might  well  have  happened  from  the 
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northern  distribution  of  both.  The  corals  of  the  northwestern  Hamil- 
ton fauna  were  more  abundant  than  those  of  the  southern  Hamilton 
fauna;  but  much  inferior  to  those  of  the  Onondaga. 

The  echinoderms  were  a  minor  factor,  as  were  also  the  trilobites 
and  bryozoans.  The  pelecjrpods  were  less  abimdant  than  those  of  the 
southern  Hamilton  and  different  from  them.  Gastropods  were  pres- 
ent, but  not  important,  and  the  same  may  be  said  of  the  cephalopods. 

Some  notable  fish  remains  have  been  foimd  in  Iowa,  but  they  are 
quite  different  from  these  of  the  eastern  area,  although  perhaps  derived 
from  them  by  westward  counter-migration,  after  the  communication 
between  the  provinces  was  established. 

In  the  later  part  of  the  Hamilton  epoch,  when  the  southern  and 
northwestern  seas  became  confluent,  the  northwestern  faima  invaded 
and  overran  the  eastern  and  southern  territory,  and  a  new  fauna 
developed  from  the  commingling  of  the  members  of  the  two.  This 
leads  on  to  the  closing,  more  cosmopolitan  phase  of  Devonian  life  in 
the  interior  sea,  the  Chemimg  fauna. 

The  Later  Devonian  (Chemung)  Fauna. 

The  commingling  and  conflict  which  attended  the  invasion  of 
the  eastern  and  southern  interior  sea  by  the  northwestern  faima  may 
be  regarded  as  the  initial  and  controlling  event  in  the  evolution  of 
the  Upper  Devonian  fauna.  As  in  the  case  of  the  Onondaga  invasion, 
the  northern  fauna  proved  the  more  virile  and  gave  character  to  the 
composite  faima  that  resulted  from  the  extinction  of  the  weaker  species 
and  the  fusion  of  the  remaining  invaders  and  invaded.  The  strati- 
graphical  evidence  of  the  invasion  is  first  caught  on  the  western  border 
of  the  invaded  sea  in  the  fauna  of  the  Hamilton  at  Milwaukee.  The 
northwestern  invaders  appear  first  in  the  eastern  part  of  the  basin 
in  the  Tully  limestone  of  New  York,  where  the  detection  of  the  sig- 
nificance of  the  faima  is  due  to  the  critical  studies  of  H.  S.  Williams. 

The  influence  of  faunal  and  physical  conditions. — From  the  fact 
that  the  sediments  of  the  time  were  predominantly  silts  and  sands, 
only  a  slight  and  precarious  submersion  of  the  occupied  portions  of 
the  continental  platform  is  inferred,  and  this  was  not  a  condition 
altogether  favorable  to  the  evolution  of  a  general  faima  of  the  first 
order,  and  the  local  conditions  were  effectively  impressed  on  the  fauna. 
In  the  interior  basin  there  were  three  dominant  factors:   (1)  the  resi- 
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dent  southern  Hamilton  fauna,  (2)  the  invading  northwestern  fauna^ 
arid  (3)  the  shallow  and  rather  turbid  waters  in  which  these  faunas 
met  and  merged. 

The  last  of  these  factors  expressed  itself  in  a  notable  rarity  of  corals 
to  which  the  impurity  of  the  waters  was  uncongenial.  In  a  lesser 
degree,  this  was  true  of  the  crinoids,  but  they  none  the  less  exhibited 
rather  surprising  powers  of  resistance  or  of  adaptation,  since  all  the 
orders  were  represented.  Cystoids  and  Mastoids  have  not  been  found, 
and  starfishes  were  rare.  The  first  known  American  echinoid  appeared 
in  the  Chemimg,  though  in  Europe  the  type  had  appeared  as  early 
as  the  Ordovician. 

The  brachiopods  best  express  the  outcome  of  the  commingling  of 
the  resident  and  immigrant  faunas.  They  distinctly  indicate  two 
groups:  (1)  an  indigenous  class  which  had  developed  from  the  pre- 
ceding resident  fauna  of  the  basin;  and  (2)  an  exotic  class  which 
was  derived  from  the  immigrants  and  bore  European  characters. 
Among  those  of  native  descent  were  Atrypa  reticularis,  Airypa  hy^trix, 
Cyrtina  hamiltonensiSj  TrofidoUpius  carinains,  and  probably  certain 
species  of  StropheodorUa  and  ProducieUa.  Among  the  prominent  immi- 
grants were  those  previously  discussed  and  illustrated  in  Fig.  212. 
The  foreign  group  was  more  conspicuous  than  the  native.  The  reverse, 
however,  was  the  case  with  the  moUusks.  The  pelecypods  were  numer- 
ous, but  not  so  abundant  as  in  the  preceding  epochs.  The  majority 
appear  to  have  been  descendants  of  the  resident  bivalves.  Distinct 
foreign  relationships  have  not  as  yet  been  satisfactorily  distinguished, 
though  some  suggestive  resemblances  have  been  noted.  Perhaps 
the  bivalves  were  not  well  suited  to  distant  migration.  The  gastro- 
pods were  less  numerous  than  before,  and  apparently  local.  The 
pteropods  were  represented  by  Tentaculites  and  Conidaria,  similar  to 
those  of  the  preceding  faimas.  The  genera  of  the  cephalopods  were 
usually  the  same  as  those  of  the  southern  Hamilton,  though  the  species 
were  mainly  new;  but  in  the  goniatite  genus  Maniicoceras,  which  is 
highly  characteristic  of  certain  Portage  beds  in  western  New  York,  there 
was  a  conspicuous  Eurasian  immigrant  element  from  the  northwest, 
as  notable  as  that  of  the  "cuboides"  fauna.^ 

The  marine  fishes  of  the  late  Devonian  are  not  very  abundantly 
represented  in  present  collections,  and  can  only  be  characterized  with 
»  J.  M.  Clarke,  16th  Ann.  Rep.  N.  Y.  St.  Geol.  for  1896,  pp.  22-161. 
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some  reserve.  They  seem  to  have  been  of  the  same  general  types 
as  in  the  preceding  epoch,  but  with  a  decline  in  the  singular  arthro- 
diranS;  an  increase  in  the  sharks,  and  a  continuation  of  the  ganoids 
without  assignable  change. 

The  pelagic  and  abjrsmal  life  of  the  Devonian. — Concerning  the 
pelagic  life  of  the  Devonian  nothing  is  known  except  as  it  may  be 
obscurely  suggested  by  the  floating  forms  that  were  entrapped  in 
the  sediments  of  the  shallow-water  zone,  or  that  found  their  way  into 
the  interior  seas,  and  this  element  does  not  admit  of  satisfactory  inter- 
pretation. 

Respecting  the  abysmal  life  nothing  is  known.  The  strata  reveal 
no  clear  case  of  beds  laid  down  on  the  abysmal  bottom  of  the  Devonian 
ocean  and  subsequently  lifted  to  an  accessible  position.  It  is  therefore 
important  to  keep  ever  in  mind  the  limitations  to  which  all  statements 
respecting  the  marine  life  of  this  period,  if  not  of  all  geological  periods, 
are  subject. 

Marine  vegetation. — As  usual,  the  record  of  the  marine  plants  is 
too  imperfect  for  satisfactory  discussion.  There  are  evidences  of 
algae  as  before,  and  they  appear  to  have  been  well  deployed,  and  theo- 
retically they  must  have  been  abundant.  Sections  of  what  are  inter- 
preted as  the  stems  of  a  gigantic  seaweed  (Nematophycus),  sometimes 
reaching  three  feet  in  diameter,  have  been  found.  They  perhaps  mark 
the  dimensional  climax  of  this  form. 

The  Devonian  Fauna  in  the  Great  Basin  Area. 

In  the  region  which  constitutes  the  Great  Basin  of  the  west,  a 
large  area  seems  to  have  been  occupied  continuously  by  the  sea  from 
about  the  beginning  of  the  Devonian  time  to  the  later  part  of  the 
Carboniferous  period.  It  seems  to  have  been  measurably  free  from 
both  the  physical  and  the  biological  changes  which  gave  such  diver- 
sity to  the  eastern  pro\dnces.  The  fauna  seems  to  have  had  a  slow 
continuous  evolution,  fed,  it  would  appear,  from  time  to  time  by  acces- 
sions from  the  two  northern  pro\dnces  or  from  some  source  with  which 
they  were  connected.  None  of  the  distinctive  South  American  forms 
appeared  in  it,  nor  any  of  the  peculiar  Helderberg  or  Oriskany  forms. 
It  is  inferred,  therefore,  that  it  was  disconnected  from  these  proWnces 
throughout  the  whole  Devonian  period.    On  the  other  hand,  a  nota- 
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ble  number  of  species  were  common  to  it  and  to  the  northwestern 
province,  as  also  to  the  interior  province  after  it  had  been  invaded 
by  the  Onondaga  and  northwestern  Hamilton  faunaa.  While  its 
fauna  is  not  yet  well  enough  known  to  sanction  the  drawing  of  final 
conclusions,  it  bids  fair  to  offer  as  fine  an  example  of  a  steady 
uninterrupted  development  of  a  provincial  fauna  as  does  the  eastern 
province  of  the  fluctuating  and  militant  development  of  a  composite 
fauna  out  of  provincial  invasions. 

The  western  fauna  has,  as  now  known,  few  salient  features.  The 
corals  which  were  present  in  considerable  abimdance  were  largely 
identical  or  closely  allied  to  those  of  the  Onondaga  fauna  of  the  north- 
east, and  doubtless  had  a  common  origin,  through  some  northern 
connection.  Brachiopods  were,  as  might  be  expected,  the  leading 
element.  Several  species  were  identical  with  those  of  the  Onondaga 
faima,  and  several  were  identical  with  species  embraced  in  the  north- 
western Hamilton  fauna.  The  former  are  foimd  mainly  in  the  lower 
horizons  of  the  formation,  and  the  latter  in  the  upper.  In  this  they 
seem  to  indicate  an  early  communication  with  the  sources  of  the  Onon- 
daga fauna  and  a  later  connection  with  those  of  the  northwestern 
Hamilton.  There  were  some  pelecypods  also  that  held  a  like  rela- 
tion, but  the  greater  number  seem  to  have  been  indigenous.  Alto- 
gether they  were  rather  abundant.  The  same  may  be  said  of  the 
gastropods.  The  cephalopods,  so  far  as  known,  were  few  and  mostly 
indigenous.  The  trilobites  were  feebly  represented  and  were  proba- 
bly all  indigenous.  Echinoderms  have  not  yet  been  reported.  Fish 
remains  are  found  abundantly  in  certain  localities. 

II.  The  Life  of  the  Land  Waters. 

Principle  of  interpretation. — It  would  doubtless  be  as  difficult  to 
draw  any  sharp  line  between  the  fishes  of  the  land  waters  and  those 
of  the  sea  in  Devonian  times  as  it  is  now,  even  if  we  had  as  complete 
knowledge  of  them,  probably  even  more  so,  for  the  differentiation 
of  the  two  classes  was  doubtless  less  complete  than  now.  For  geo- 
logical purposes,  however,  all  those  fishes  that  were  denizens  of  the 
streams  and  lakes,  also  those  of  the  freshened  waters  of  the  estuaries, 
bays,  and  inlets  on  the  land  border,  may  be  classed  together  as  fishes 
of  the  land  waters,  for  they  were  dependent  on  conditions  inseparable 
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from  the  land.  It  may  fairly  be  assumed  that  when  land  plants, 
insects,  and  terrestrial  mollusks  are  present  in  relative  abimdance, 
and  true  marine  forms  are  absent,  the  associated  fishes  are  land- 
water  forms.  When  land  plants,  insects,  terrestrial  mollusks,  and 
fishes  are  mingled  with  a  limited  selection  of  species  that  are  usually 
marine,  but  which  may  have  frequented  somewhat  freshened  waters, 
the  better  inference  is  that  the  mixture  took  place  in  brackish  waters 
largely  surroimded  by  land  from  which  the  true  land  forms  were  floated 
in.  When  land  plants,  insects,  etc.,  are  commingled  with  a  full  group 
of  true  marine  forms,  the  better  inference  is  that  the  former  were 
carried  out  to  sea  by  floods,  and  that  the  deposit  was  really  marine. 
In  such  an  association  no  safe  inference  can  be  drawn  relative  to 
the  habitat  of  the  fishes,  imless  there  is  independent  evidence,  for 
they  may  have  been  true  dwellers  in  the  sea,  or  may  have  been  floated 
out  from  the  land  streams.  If  these  three  cases  occurred  alone,  the 
interpretation  would  be  fairly  easy;  but  it  so  happens  that  in  some  of 
the  great  Devonian  series,  certain  parts  of  the  formation  embrace 
cases  of  the  first  or  second  class,  while  in  other  parts  cases  of  the  third 
class  are  presented.  The  better  inference  here  is  that  the  formation 
took  place  in  part  on  land  or  in  land  waters,  and  in  part  in  marine 
waters.  The  deposits  forming  to-day  in  the  great  valley  of  California 
embrace  fluvial,  lacustrine,  and  marine  deposits,  together  with  land 
aggradation.  At  a  geologically  distant  day,  only  small  portions  of 
this  aggregate  would  probably  be  found  fossiliferous,  and  the  evi- 
dences of  these  portions  might  be  quite  opposed  to  one  another,  accord- 
ing to  the  particular  parts  selected;  but  the  true  interpretation  is 
obvious.  This  appears  to  be  very  much  the  state  of  things  that  is 
recorded  in  the  "  Old  Red  Sandstone  "  type  of  the  Devonian  deposits. 
In  America,  the  Catskill  deposits,  or  some  large  part  of  them,  appear 
to  belong  to  this  type.  It  is  clear  that  they  were  contemporaneous 
with  the  Chemung  in  part,  and  the  opinion  of  Williams  and  others 
that  in  their  total  range  they  may  even  have  been  contemporaneous 
with  the  whole  of  the  marine  Devonian  series  is  inherently  reason- 
able, for  there  can  be  little  doubt  that  there  were  lacustrine,  fluvial, 
and  land-aggradational  deposits  at  all  times  throughout  the  period. 
The  only  question  is  whether  these  have  been  preserved  and  are  now 
known.  In  the  Canadian  provinces,  deposits  of  this  kind  seem  to 
have  a  quite  ample  development.    But  as  all  these  deposits  were. 
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by  hypothesis,  laid  down  in  more  or  less  local  basins,  no  exact  correla- 
tion of  them  is  possible  at  present  and  they  may  best  be  considered 
together.  The  general  faunal  conception  is  therefore  that  in  the 
Appalachian  tract  and  in  the  Canadian  provinces  lying  to  the  north- 
east of  it,  as  well  as  in  Great  Britain  and  Russia,  there  were  many 
lodgment  basins  that  were  progressively  filled  by  land-wash  and  fresh- 
water sediments,  and  that  these  basins  were  the  home  of  a  fresh-water 
or  brackish-water  faima,  in  which  ostracoderms  and  fishes  were  the 
leading  elements,  and  crustaceans  their  chief  colleagues. 

The  remarkable  deplo3rment  of  the  crustacean-ostracoderm-verte- 
brate  group. — No  more  suggestive  combination  of  ancient  life  is  pre- 
sented by  the  geological  record  than  that  which  is  found  in  these 
supposed  fresh-water  deposits.  The  type  was  foreshadowed  by  the 
eurypterids  and  fishes,  or  fish-like  forms,  that  appeared  in  the  closing 
stages  of  the  Silurian,  but  the  record  of  that  time  is  too  imperfect 
to  disclose  its  deeper  significance.  Even  with  the  much  superior 
material  of  the  Devonian  period,  the  more  profound  significance  is 
only  just  beginning  to  be  realized.  The  center  of  interest  is  a  unique 
group  of  ostracoderms,  which  were  at  first  interpreted  as  placoderni 


Fig.  213. — Restoration  of  Cephalaspis  seen  from  the  side.     (After  Patten.) 

fishes,  and  later  classed  with  the  jawless  fishes  (Agnatha,  lampreys, 
etc.),  but  which  seem  now  to  be  clearly  proven  ^  to  be  an  entirely  dis- 
tinct class  lying  between  the  arthropods  and  the  vertebrates,  and 
having  some  of  the  characteristics  of  each,  but  not  truly  belonging 
to  either.  Their  supreme  interest  lies  in  the  force  they  give  to  the 
suggestion  that  the  vertebrates  sprang  from  the  arthropods. 

*  W.  Patten,  On  the  Origin  of  Vertebrates,  with  special  reference  to  the  structure 
of  the  Ostracoderms.  International  Zool.  Cong.,  Berlin,  1901.  On  the  Appen- 
pages  of  Tremataspis,  Am.  Nat.,  XXX VII,  1903,  p.  223.  On  the  Structure  of  the 
PteraspidcB  and  Cephalaspidw,  Am.  Nat.,  XXXVII,  1903,  p.  827.  New  Fact5  con- 
cerning Boihriolepis,  Biol.  Bull.  No.  2,  1904,  p.  113. 
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The   ostracoderms. — The  strange  forms  grouped  under  this  term 
beax  external  resemblances  in  the  head  and  trimk  to  the  trilobites 


Fig.  214. — Restoration  of  Cephalaspis  seen  from  below.  A  part  of  the  ventral  wall 
of  the  head  is  shown  on  tne  left,  the  rest  being  removed  to  show  the  inner  surface 
of  the  roof  of  the  shield.     (After  Patten.) 

and  king-crabs,  while  some  of  them  have  caudal  fins  and  a  fish-like 
body.    Because  of  these  last  features  and  the  presence  of  bone  cells 


Fio.  215. — Restoration  of  the  head  shield  of  Cyalhaspis,  showing  the  oar-like  appen- 
dages, ap,  the  three  median  eye-pits,  ep,  and  tlie  paired  muscle  markings,  mm, 
sometimes  regarded  as  gill-pouches.     (.AJfter  Patten.) 

in  the  dermal  armor  of  some  members  of  the  group,  as  well  as  their 
intimate  association  with  true  fishes,  they  have  been  classed  as  fishes 
until  recently.  But  no  vertebra?  nor  notochord  has  been  found,  nor 
true  pectoral  or  pelvic  appendages,  nor  do  they  possess  either  upper 
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or  lower  jaws  of  the  vertebrate  type.  On  the  contrary  each  jaw  con- 
sists of  two  separate  parts  which  act  upon  one  another,  not  verti- 
cally, in  vertebrate  fashion,  but  laterally,  as  in  arthropods.  This  is 
especially  true  of  the  upper  jaw.  While  perhaps  they  should  remain 
under  the  broad  mantle  of  the  term  Chordata,  they  must  apparently 
be  removed  from  the  true  vertebrates  to  a  new  class. 

The  forms  which  show  most  strikingly  the  arthropodian  anterior 
and  the  vertebrate-like  posterior,  are  the  cephalaspids  (head-shield) 
illustrated  in  Figs.  213  and  214,  restorations  by  Patten.    The  broad 

shovel-like  head,  with  the 
eyes  close  together  on  the  cen- 
tral ridge,  is  interpreted  as  an 
adaptation  to  plowing  in  the 
mud,  half-buried,  after  the 
fashion  of  the  modern  king- 
crab  {Limvlus)y  to  which  the 
cephalaspids  are  believed  to 
have  borne  more  than  a  super- 
ficial resemblance.  The  eyes 
were  protected  by  a  thin  coat- 
ing of  hard  material  continu- 
ous with  the  outer  layer  of  the 
shield.  The  large,  segmentally 
arranged  trunk-scales,  the  tail 
and  the  fins,  are  decidedly 
fish-like,  while  the  projected 
side  angles  of  the  shield 
{cornua),  so  trilobite-like  in 
aspect,  as  well  as  the  cephalic 
appendages,  are  curious  fea- 
tures that  have  awakened 
much  discussion;  as  have  also 
the  frin^g  appendages  along 
the  side  of  the  body. 

Fio.  216. — Reconstruction  of  the  head  and  trunk  — «      j^.  •     xi_  i-     x 

of    Tremataspis,  seen  from    above.      Natural  Ihe  FterasplSy  the  earUest 

size.    (After  Patten.)  Qf  these  curious  creatures  to 

appear  in  America  (Salina),  is  still  imperfectly  known  and  the  subject 
of  pronounced  differences  of  interpretation.    The  Cyathaspis,  Fig.  215, 
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referred  to  this  family,  seems  to  throw  much  light  on  its  relations  in 
that  it  possessed  oar-like  appendages,  median  eye-pits,  and  muscu- 
lar markings  that  assist  in  interpreting  doubtful  features  in  the  Pteraspis. 

The  TremaJtasjns,  as  interpreted  by  Patten,  had  a  broad  oval  shield, 
with  a  pair  of  oar-like  swimming  appendages,  and  a  relatively  small, 
rather  slender  trunk,  as  illustrated  in  Fig.  216.  As  in  the  Cephalaspis, 
the  lateral  and  median  eyes  and  the  olfactory  pit  were  close  together 
on  the  median  line,  well  back  from  the  front  margin. 

Perhaps  the  most  curious  of  all  these  strange  creatures  were  the 
pterichthyds  (winged  fish),  of  one  of  which,  Bothriolepis,  an  elegant 
restoration  by  Patten  is  shown  in  Fig.  217.    In  this  the  structure 


FiQ.  217. — Reconstruction  of  Bothriolepis,  side  view.     (After  Patten.) 


has  been  worked  out  in  great  detail  from  a  large  collection  made  inr 
New  Bnmswick.  The  Bothriolepis  had  a  short  head  with  close-set 
lateral  eyes  on  movable  stalks,  an  angulated  buckler,  and  a  very  slender 
naked  trunk  bearing  two  dorsal  fins,  and  a  tail  of  peculiar  form.  Three 
pits  on  the  inner  surface  of  the  head,  between  the  lateral  eyes,  indi- 
cate the  presence  of  a  trioculate  median  eye.  There  is  no  sign  of 
vertebra)  or  of  notochord,  though  the  latter  may  have  been  present.. 
Many  anatomical  features  suggest  relations  to  the  arthropods  on 
the  one  side,  and  to  vertebrates  on  the  other. 

It  is  obvious  from  even  the  few  features  here  noted  that  the  ostra- 
coderms  differed  greatly  among  themselves,  and  were  probably  already 
an  ancient  widely  divergent  line.  Their  distinct  separation  from 
the  fishes  puts  a  new  phase  on  their  place  in  the  life  series.    Instead 
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of  being  initial  vertebrates,  they  formed  the  climax  and  almost  the 
end  of  their  own  strange  race,  for  they  practically  disappeared  with 
this  period.  Their  disappearance  is  not  surprising  in  view  of  the 
development  of  powerful  fishes,  for  the  ostracoderms  were  obviously 
not  a  masterful  race.  Besides  being  small,  their  forms  were  clumsy 
in  the  main,  their  locomotive  organs  lacked  flexibility  and  efficiency 
of  form,  and  their  mouth-parts  were  weak,  and  poorly  situated  for 
aggressive  service,  as  were  also  their  eyes.  They  probably  plowed 
the  soft  bottoms  of  the  sluggish  waters,  half-buried  in  the  mud,  above 
which  little  beside  their  peculiarly  placed  eyes 
and  the  backs  of  their  plated  bucklers  were 
habitually  exposed.  They  flourished  in  the 
fresh  waters  of  the  eastern  Canadian  provinces, 
as  also  especially  in  England,  Scotland,  Wales, 
and  northwestern  Russia.  With  little  doubt 
there  was  a  migratory  zone  between  these  re- 
gions. WTiile  the  ostracoderms  are  sometimes 
reported  as  occurring  in  beds  with  marine  fos- 
sils, there  is  little  evidence  that  they  were  true 
dwellers  of  the  open  sea. 

The  cyclostomes. — Another  strange  class  of 
organisms  related  to  the  fishes,  but  not  true 
fish,  was  represented  by  the  singular  little 
lamprey-like  form,  Palceospondylus  (Fig.  218), 
which  has  awakened  much  interest  because  of 
the  suggestion  that  it  was  really  an  ancestral 
lamprey,  a  suggestion  supported  by  many  of 
^      „,„     „  ,  ,  ,     its   characters:   but   opinions  differ  as  to  the 

Fig.  218. — PaUeospondiflus  r,.         ,.        ,.  tt  i- 

gunni,  restored  bv  Tra-  real  nature  of  this  relationship.  However  this 
ffitone'r^'^cSmeS  ^^V  ^'  ^^e  vertebrate  idea  is  representee!  in 
Scotland.  (After Dean.)  great  simplicity;  a  slender  column  of  vertebrae, 
modified  at  one  end  into  a  head  and  finned  at  the  other  for  a  tail, 
without  ribs,  or  paired  fins,  or  any  suggestion  of  paired  limbs, 
make  up  the  known  structure.  It  seems  to  represent  a  quite  primi- 
tive type  of  the  vertebrates.  The  little  creature  was  scarcely  two 
inches  long,  and  so  far  as  known  was  represented  by  a  single  species 
only,  found  at  Achanarras,  north  Scotland. 

The  wide  deployment  of  the  fishes. — The  true  fishes  found  in  the 
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supposed  fresh-water  deposits  of  the  Devonian  exceed  in  number 
and  variety  those  found  in  the  contemporaneous  marine  formations. 
Their  relative  abundance,  however,  changed  notably  during  the  succeed- 
ing periods  until  the  sea  fishes  came  to  preponderate  over  the  fresh- 
water fishes.  Some  of  the  leading  types  seem  to  have  flomished  in 
the  fresh  waters,  while  it  is  doubtful  whether  or  not  they  had  any  real 
representation  in  the  sea,  though  their  remains  are  occasionally  found 
in  marine  deposits.  This  is  of  interest  in  connection  with  the  question 
of  the  original  habitat  of  the  vertebrates,  a  question  to  which  the 
new  views  of  the  ostracoderms  give  fresh  point. 

Perhaps  the  strangest  of  the  fishes  were  the  arthrodirans  repre- 
sented by  Coccosteus  and  its  allies,  Fig.  219.    The  Coccosteus  was  well 


Fig.  219. — A  partial  restoration  of  Coccosteus  decipiens;  from  the  Old  Red  Sandstone 
of  North  Scotland.     (After  Woodward.)     About  one-fourth  natural  size. 

protected  by  plates  upon  its  head  and  shoulders  but  not  on  its  pos- 
terior parts,  of  which  little  is  known.  The  relations  of  the  arthro- 
dirans to  other  forms  are  puzzling,  but  most  paleontologists  regard 
them  as  a  specialized  and  rather  divergent  branch  related  to  the  ances- 
tors of  the  lung-fishes. 

The  lung-fishes  (Dipnoi)  formed  a  notable  feature  in  the  fauna. 
This  was  perhaps  even  the  time  of  their  maximum  development  and 
specialization.  It  is  a  matter  of  interest  that  they  were  more  abundant 
in  the  fresh-water  faunas  than  in  the  marine,  as  it  is  in  line  with  the 
fact  that  they  are  now  wholly  confined  to  fresh  waters,  being  repre- 
sented by  a  few  strangely  isolated  forms,  viz.,  Ceratodus  in  Australia, 
Protopterus  in  Africa,  and  Lepidosiren  in  South  America.  The  Diptencs 
(Fig.  220),  a  representative  form  found  in  the  Old  Red  Sandstone  of 
north  Scotland,  had  the  outlines  of  a  typical  modern  fish  and  was 
completely  covered  with  scales. 

The  crossopterygians  (fringe-finned  ganoids),  at  present  the  most 
favored  claimants  to  the  parentage  of  the  amphibians,  were  repre- 
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sented  by  Holoptychius,  Eusthenerpteron,  and  their  allies.    These  show 
many  resemblances  to  the  amphibians  in  their  teeth  and  skull-bones, 


Fig.  220. — Dipterus  valenciennesit  restoration  by  Traquair;    from  the  Old  Red  Sand- 
stone, North  Scotknd;    about  one-fiith  natural  size. 

and  these  structural  resemblances  of  the  hard  parts  count  for  more 
than  the  physiological  resemblances  between  the  lung-fishes  and  the 
amphibians.    In  the  Holoptychius  (Fig.  221)  the  enamel  of  the  teeth 


Fig.  221. — Restoration  of  Jloloptychms  fleminai  by  Traquair;  about  one-eighth 
natural  size;  from  Old  Red  Sandstone,  Dura  Den,  Ccotland.  (After  Wood- 
ward.) 

was  intricately  infolded,  gi\dng  a  dendritic  structure  in  cross-section, 
as  illustrated  in  Fig.  222,  which  much  resembles  the  labyrinthodont 


Fig.  222. — Cross-section  of  tooth  of  Holoptychiiis,  much  magnified.     (From  Smith- 

Woodward,  after  Pander.) 

structure   of   certain   of   the   early   amphibians.    The   holoptychians 
appear  to  have  been  rather  rare  in  the  early  Devonian,  but  to  have 
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been  dominant  forms  in  the  latter  part  of  the  period.  The  crossop- 
terygians  are  now  represented  by  Polypterus  of  the  Nile  and  CaUi'- 
moichthys  of  South  Africa.    The  Osteolepis  (Fig.  223),  which  was  closely 


Fia.  223. — Restoration  of  Osteolepis  by  Pander;  about  one-fourth  natural  size;  from 
Old  Red  Sandstone,  Scotland.     (From  Dean  and  Woodward.) 

in  the  ancestral  line  of  these  modern  forms,  was  abundant  in  the  earlier 
Devonian.  Like  the  lung-fishes,  the  crossopterygians  appear  to  have 
been  at  or  near  the  climax  of  their  evolution  in  the  Devonian  period^ 
though  the  group  continued  in  considerable  strength  to  the  Cre- 
taceous. 

The  actinopterygians  are  known  to  have  been  represented  at  this 
time  only  by  the  handsome  Cheirolepis  (Fig.  224),  the  most  primitive 


FiQ.  224. — Restoration  of  Cheirolepis  trailli  from  Old  Red  Sandstone,  N.  Scotland. 
About  one-fifth  natural  size.     (After  Traquair  and  Smith-Woodward.) 

of  the  group,  and  remarkable  among  the  fishes  of  the  time  for  the  very 
small  size  of  its  scales.  It  has  been  found  in  Scotland  and  in  the 
Province  of  Quebec. 

The  sharks  (elasmobranchs)  are  now,  and  (unless  the  Paleozoic 
era  be  excepted)  have  been  throughout  known  geological  time,  chiefly 
denizens  of  the  sea;  but  they  still  occasionally  live  in  fresh  water,  as 
in  Lake  Nicaragua  and  Lake  Baikal.  It  seems  clear  that  in  the  De- 
vonian period  they  lived  in  the  open  sea,  as  heretofore  noted,  but 
their  remains  are  also  found  in  the  Old  Red  Sandstone  and  in  the 
equivalent  deposits,  and  hence  it  is  probable  that  they  lived  in  fresh 
and  brackish  waters  also.    Prominent  among  them  were  the  acan- 
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thodians,  sharks  amply  armed  with  finnspines  (such  as  Climatius  (Fig. 
225)  Diplacanthus,  Cheiracanthus,  etc.).  There  does  not  appear  to  be 
any  clear  evidence  that  the  pavement-toothed  sharks  occupied  the 
fresh  waters,  and  this  is  not  strange  since  these  probably  did  not  ofifer 
enough  shell-fish  to  be  inviting  feeding-grounds. 

The  associated  arthropods.  —  In   view  of  the  arthropodan  rela- 
tions of  the  ostracoderms,  it  is  suggestive  that  now  again,  as  in  the 


Fig.  225.— Climatiua  acutiger,  natural  size,  from  Old  Red  Sandstone,  Scotland. 
(From  Zittel,  after  Powrie.) 

Salina  and  in  the  transition  beds  of  the  European  Silurian,  there  were 
gigantic  eurypterids  associated  intimately  with  the  ostracoderms  and 
the  fishes.  Taken  together,  these  constitute  a  most  remarkable  fauna. 
The  Pterygotus  now  reached  the  extraordinary  length  of  two  meters. 
There  were  also  ostracodes,  phyllocarids,  and  phyllopods  related  to  the 
Estheria  of  modem  brackish  waters.  On  the  land,  too,  were  scorpions, 
probably  related  ancestrally  to  the  eurypterids,  as  well  as  their 
not  distant  kin,  the  spiders,  together  with  myriapods  and  insects, 
probably  also  ancestrally  related  to  some  of  the  aquatic  crustaceans. 
It  has  already  (p.  482)  been  suggested  that  this  association  of  arthro- 
pods and  vertebrates  ran  back  to  their  origin,  and  it  may  here  be 
added  that  it  ran  on  until  the  present  day,  for  the  fish  and  the  arthro- 
pods (crayfish  and  smaller  crustaceans)  dominate  the  fresh  waters, 
while  the  terrestrial  vertebrates  and  the  insecteans  are  only  too  inti- 
mate associates  and  contestants  on  the  land. 

Fresh-water  mollusks. — Shells  believed  to  have  belonged  to  fresh- 
water moUusks,  and  closely  resembling  living  genera,  have  been  found 
in  England,  Ireland,  Russia,  and  the  United  States,  accompanied  by 
land  plants  and  by  fishes.  Some  traces  of  what  are  supposed  to  have 
been  fresh-water  plants  have  been  found,  but  as  yet  little  is  known 
of  the  aquatic  vegetation. 
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III.  The  Land  Life. 


It  is  not  possible  to  follow  the  evolution  of  the  land  life  with  even 
such  partial  continuity  as  has  been  attempted  with  the  marine  life, 
for  the  record  is  much  more  imperfect  and  its  interpretation  more 
uncertain.  The  known  life  consisted  of  land  plants,  a  few  snails, 
insects,  myriapods  and  scorpions,  and  mere  traces  of  amphibians. 

The  land  plants. — ^The  dominant  element,  and  the  basal  one  as 
well,  was  the  vegetation;  but  there  are  good  reasons  to  think  that 
its  preservation  was  relatively  the  poorest.  In  the  early  stages  of 
its  evolution,  vegetation  was  doubtless  more  perishable  than  later, 
from  having  acquired  less  mineral  stiffening  and  less  protective  inves- 
titure of  bark,  husks,  nut-shells,  and  other  less  perishable  parts;  but 
even  in  their  best  estate,  plant  tissues  are  less  well  fitted  for  fossiliza- 
tion  than  the  shells  and  skeletons  of  animals.  To  this,  very  adverse 
terrestrial  conditions  are  added.  The  normal  fate  of  upland  plants 
is  to  perish  where  they  grow,  and  their  fossilization  is  usually  pro- 
hibited by  the  constant  denudation  of  the  surface.  If  any  part  of 
an  upland  plant  escapes  its  normal  fate,  it  undergoes  usually  various 
contingencies  of  decay,  consumption,  combustion,  and  other  forms 
of  destruction,  before  it  reaches  a  place  of  sedimentation.  If,  escap- 
ing these,  it  reaches  a  lake  or  the  sea,  its  lightness  tends  to  keep  it 
afloat  and  render  it  peculiarly  susceptible  to  shore  action  and  to  differ- 
ent forms  of  organic  attack.  If  it  sur\dves  these,  it  is  liable  to  be 
buried  near  the  shore  where  subsequent  denudation  is  most  likely 
to  cut  it  away,  for  the  extreme  borders  of  nearly  all  strata,  except 
in  cases  of  unconformable  overlap,  are  denuded. 

In  the  case  of  lowland  vegetation  the  chances  of  prompt  burial 
and  preservation  are  much  better,  but  even  here  the  contingencies  of 
subsequent  denudation  are  large.  It  is  only  when  the  area  of  sedi- 
mentation is  creeping  out  upon  the  land  with  relatively  little  shore 
cutting,  or  the  low  lands  are  undergoing  permanent  aggradation,  that 
the  conditions  for  the  fossilization  of  land  vegetation  are  even  fairly 
favorable.  Even  when  preserved,  the  parts  of  a  plant  are  apt  to  be 
dissevered,  and  their  re-asvsemblage  and  interpretation  is  difficult. 
It  is  rare  that  leaves,  fruit,  twgs,  limbs,  trunk,  and  roots  are  all  retained 
together.  In  the  case  of  ancient  forms,  especially  where  not  closely 
analogous  to  modern  types,  it  is  more  or  less  hazardous  to  attempt 
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to  restore  the  original  plant  by  combining  the  dissevered  parts  of 
different  individuals.  Until  these  are  found  associated,  it  is  usually- 
necessary  to  describe  and  name  the  parts  separately,  and  hence  the 
possibility  that  different  species  and  even  genera  will  be  founded  on 
the  separated  parts  of  the  same  plant,  a  possibility  that  has  been 
realized  not  infrequently.  As  discovery  proceeds,  these  are  detected 
and  the  nomenclature  revised. 

Though  occasional  relics  of  land  plants  have  been  found  in  the 
Silurian  and  earlier  systems,  it  was  not  until  the  Devonian  that  land 
vegetation  was  fairly  well  preserved,  but,  for  the  reasons  just 
adduced,  it  is  by  no  means  safe  to  assume  that  proliiSc  land  vege- 
tation had  not  long  clothed  the  surface,  and  that,  perhaps,  of  a 
somewhat  advanced  order.  Physical  reasons  for  assuming  a  vegetal 
protection  of  the  surface  as  far  back  as  Proterozoic  times  have 
already  been  presented.  The  study  of  the  Devonian  and  Carboni- 
ferous plants  shows  that  they  were  widely  differentiated,  so  much  so 
that  their  ancestral  relations  are  uncertain,  which  is  best  explained 
by  a  long  previous  history.  The  alternative  is  to  suppose  a  very 
rapid  evolution  attended  by  an  equally  rapid  extinction  of  the  inter- 
mediate forms  and  of  the  residual  structures  that  usually  linger  long 
to  mark  the  course  of  evolution.  This  alternative  is,  however,  pre- 
ferred by  some  authors. 

The  larger  part  of  the  Devonian  plants  preserved  were  buried 
in  inland  basins,  sometimes  mingled  with  the  fossils  of  fresh-water 
animals.  Of  the  upland  vegetation  little  or  nothing  is  known.  The 
lowland  forms  may  have  spread  over  the  uplands  in  greater  or  less 
degree,  or  a  very  different  and  quite  unknown  vegetation  may  have 
prevailed  there.  Comparatively  few  forms  have  been  found  in  the 
earlier  Devonian  formations  and  the  apparent  evolution  during  the 
period  is  very  marked,  but  it  is  doubtful  whether  this  represents  much 
more  than  improved  preservation,  for  the  types  do  not  converge  rapidly 
when  traced  backwards  as  though  they  had  originated  within  the 
period,  nor  do  they  diverge  rapidly  as  traced  on  to  the  Carboniferous 
period.  The  Devonian  types  were  nearly  the  same  as  those  of  the 
Carboniferous,  and  as  the  latter  are  much  better  represented  in  the 
Coal  flora,  their  special  description  and  illustration  may  be  deferred 
with  advantage  until  the  discussion  of  that  period. 

The  dominant  Devonian  forms  were  pteridophytes  (ferns  and  their 
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allies)  and  the  lower  gymnosperms.^  The  angiospermous  flowering 
plants  were  not  represented,  so  far  as  known. 

The  record  of  the  lower  plant  groups  (on  the  land)  is  almost  nega- 
tive. There  is  no  evidence  of  liverworts  or  mosses  (Bryophyte^)  nor 
of  terrestrial  algae  and  fungi  (Thallophytes),  except  that,  interestingly 
enough,  bacteria  (both  bdcillus  and  micrococcus)  have  been  reported.^ 
The  identification  of  such  simple  forms  in  fossilized  woody  tissue  at 
so  ancient  a  period  is  remarkable,  but  the  presence  of  bacteria  is  alto- 
gether probable,  for  there  is  good  reason  to  think  that  the  decay  of 
vegetation  was  then,  as  now,  accelerated  by  bacterial  action.  Other- 
wise the  vegetal  record  should  be  more  perfect. 

The  pteridophytes  were  represented  in  nearly  every  division.  Among 
the  Filicales  there  were  true  ferns  (Filices),  and  apparently  also  forms 
intermediate  between  ferns  and  cycads  (Cycadofilices,  Pteridospermce). 
The  Equisetales  were  represented  by  calamarians;  the  Sphenophyllales 
by  the  type  genus  Sphenophyllum^  while  the  Lycopodiales  were  present 
in  the  form  of  Lepidodendron  and  possibly  SigiUaria,  reported  by 
some  authors  but  questioned  by  others.  The  spermatophytes,  on 
the  other  hand,  seem  to  have  been  represented  only  by  their  lower 
division,  the  gymnosperms,  and  these  perhaps  only  by  Cordaites, 
though  conifers  and  ginkgos  have  been  reported.  The  identifications 
are,  however,  questioned. 

The  general  aspect  of  the  ferns  was  already  like  that  of  the  exist- 
ing forms,  but  the  other  families  were  archaic  and  peculiar.  It  is 
not  a  little  singular  that  forms  seemingly  so  delicate  as  the  ferns  should 
have  been  among  the  most  persistent  and  least  modified  of  terrestrial 
plants.  Notwithstanding  their  relatively  modern  aspect,  they  were 
archaic  in  many  features,  and  embraced  a  much  wider  range  of  characters 
than  at  present.^  The  larger  number  were  herbaceous,  but  tree-ferns 
{Psaronius),  not  unlike  those  now  living  in  the  tropics,  were  present. 
The  ferns  were  already  so  far  advanced  in  evolution  that  little  has 
yet  been  learned  from  them  relative  to  their  ancestral  relations.  They 
arc  thought  to  have  been  the  progenitors  of  the  Cycadofilices  {Pterido- 
spermce), and  through  them  of  the  cycads  and  of  most  or  all  the  other 

*  For  classification  see  Vol.  I,  p.  653. 

» Renault,  Ann.  Sci.  Notes,  Vol.  II,  1896.  See  also  Steward,  Fossil  Plants,  1898, 
pp.  133-138. 

»  D.  H.  Scott,  Studies  in  Fossil  Botany,  p.  506. 


494 


GEOLOGY, 


gymnosperms;  but  on  this  point  there  is  not  as  yet  complete  unanimity 
of  opinion.  In  numbers,  the  ferns  or  fern-like  forms  appear  to  have 
surpassed  all  others. 

The  forest  element  was  chiefly  due  to  the  calamites,  gigantic  ances- 
tors of  the  horsetails,  to  the  lepidodendrons,  gigantic  ancestors  of 
the  club-mosses,  and  to  the  cordaites,  an  extinct  group  of  gjnnno- 
spermous  type.  All  of  these  trees  were  so  much  better  developed 
in  the  Coal  flora,  where  they  reached  their  climax,  that  their  discussion 
may  advantageously  be  deferred. 

There  were  not  a  few  forms  whose  relations  have  not  been  made 
out  satisfactorily  from  the  imperfect  material.  Among  them  are 
those  known  as  psilophyton  and  ptilophyton. 

The  insects. — The  air  was  partially  peopled  by  insects  at  this  time. 
Numerous  wings  and  other  fragments  have  been  found,  chiefly  near 
St.  Johns,  New  Brunswick,  and  these  have  been  described  and  inter- 
preted by  Scudder.^  The  relics  indicate  that  the  insects  were  of  archaic 
and  synthetic  types  most  nearly  allied  to  modern  neuropters  and 
orthopters,  but  they  combined  characters  now  found  in  different  orders. 
The  representatives  of  neuropterous  aspect  seem  to  have  been  related 
to  the  mayflies  (Ephemera),  whose  lives  are  spent  chiefly  in   water. 


Fig.  226. — Platephemera  antiqua,  Sc, 
St.  Johns,  N.  B.     (After  Scudder.) 


Fig.  227. — Xenoneura  arUinuoruin^  Sc.    From 
St.  Johns,  N.  B.     (After  Scudder.) 


the  winged  condition  being  assumed  for  a  short  period  only.  If  this 
were  true  of  the  ancient  forms,  they  should  be  regarded  as  aquatic 
rather  than  as  aerial  denizens,  and  scarcely  as  terrestrial  at  all.  But 
the  imperfect  relics  perhaps  do  not  warrant  pursuing  these  consider- 
ations. Fig.  226  shows  the  wing  structure  of  Platephemera  aJitiqua, 
a  large  species  with  a  spread  of  wing  of  perhaps  five  inches.     That 

*  A  list  is  given  in  Bull.  No.  71,  U.  S.  Geol.  Surv.,  1891.     Question  lias  been  raised 
as  to  the  Devonian  age  of  these. 
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some  at  least  of  the  Devonian  insects  were  terrestrial  vegetable  feeders 
is  perhaps  indicated  by  Scudder's  identification  of  a  stridulating  c9.ll- 
organ  attached  to  the  wing  of  Xenoneura  antiquorum  which  implies 
not  only  an  arboreal  habit  but  an  advanced  evolution  of  the  hearing 
organs.  Fig.  227  illustrates  the  wing  structure  of  this  species,  and 
shows,  imperfectly,  the  supposed  stridulating  organ.  As  cockroaches 
had  appeared  in  the  Silurian,  they  also  were  probably  present. 

Other  terrestrial  forms. — Myriapods,  arachnoids,  and  a  scorpion 
are  reported  from  plant-beds  in  New  Brunswick,  referred  by  Dawson 
and  others  to  the  Devonian.  Myriapods  were  present  in  England 
in  at  least  two  genera,  according  to  Peach.^  Terrestrial  moUusks 
are  also  reported  from  New  Brunswick. 

» Proc.  Roy.  Phys.  Soc.  Edin.,  Vol.  VII,  1882,  p.  179. 


CHAPTER  IX. 

THE  MISSISSIPPIAN  (EARLY  CARBONIFEROUS)  PERIOD. 

The  time  from  the  close  of  the  Devonian  period  to  the  end  of  the 
Paleozoic  era  was  formerly  regarded  as  a  single  period.  Since  the 
formations  of  this  period  included  many  important  coal-beds,  the  name 
Carboniferous  was  assigned  to  it.  During  the  course  of  the  Carbon- 
iferous period,  according  to  the  old  definition,  the  following  general 
sequence  of  events  seems  to  have  taken  place: 

(1)  Early  in  the  period  there  was  an  expansion  of  the  interior 
epicontinental  sea,  especially  to  the  westward,  decreasing,  correspond- 
ingly, the  area  of  the  land  (Fig.  228).  The  deposits  made  in  the  sea 
during  this  stage  not  only  overlap  the  Devonian  beds  at  many  points, 
but  rest  on  strata  older  than  the  Devonian.  The  early  Carboniferous 
beds  probably  underlie  the  Great  Plains,  where  the  Devonian  system 
is  believed  to  be  absent,  thus  pointing  to  wide-spread  submergence 
in  this  direction.  This  interval  of  sea-transgression  constitutes  the 
first  major  division  of  the  Carboniferous  period,  as  generally  defined, 
and  has  been  variously  known  as  the  Svbcarboniferous,  Lower  Carbonr- 
ijerousy  and  Mississippian.  It  was  brought  to  a  close  by  wide- 
spread emergence  of  the  area  where  sedimentation  had  been  in 
progress. 

(2)  During  the  next  division  of  the  period,  as  the  term  Carbonifer- 
ous has  been  used  generally,  the  sea  was  at  first  absent  from  much  of 
the  area  between  the  Appalachian  mountains  on  the  east  and  the 
one-hundredth  meridian  on  the  west.  This  epoch  of  emergence  seems 
to  have  been  followed  by  a  brief  epoch  of  submergence,  and  this  by  a 
long  interval  during  which  the  area  of  the  eastern  interior  maintained 
a  halting  attitude,  being  now  slightly  above  the  sea-level  and  now 
slightly  below  it.    This  period  of  oscillation  constitutes  the  second 
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"FiQ.  228. — Map  showing  the  areas,  in  black,  where  the  Mississippian  system  appears 
at  surface.  The  map  also  shows  where  the  Mississippian  svstem  is  thought  to 
exist,  though  buried  (the  lined  areas),  and  the  areas  from  which  it  is  thought  to 
have  been  removed  by  erosion  (the  dotted  areas).  By  iriference,  also,  the  map 
shows  the  relations  of  land  and  water  during  the  Mississippian  period. 
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great  division  of  the  old  Carboniferous  period,  and  has  been  variously 
designated  Carboniferous j  Coal  Measures,  Upper  Carboniferous,  and 
Pennsylvanian.  West  of  the  Great  Plains  this  second  division  was, 
like  the  first,  a  time  of  wide-spread  submergence. 

(3)  The  third  division  of  the  period,  as  formerly  defined,  was 
characterized  by  a  notable  deformative  movement,  which  resulted, 
toward  the  close  of  the  period,  in  the  folding  of  the  Appalachian  moun- 
tains, and  less  pronoimced  deformations  elsewhere.  During  the  earlier 
part  of  this  movement  the  record  shows  merely  a  general  withdrawal  of 
the  sea.  Lakes  (some  of  them  salt)  and  partially  enclosed  seas  were 
developed  at  various  points  where  the  open  sea  had  been.  Nearly 
the  entire  top  of  the  true  continental  platform  seems  to  have  emerged 
by  the  close  of  the  period,  and  to  have  suffered  more  deformation  than 
had  occurred  at  any  time  since  the  beginning  of  the  Cambrian  period. 
This  division  of  time  is  known  as  the  Permian, 

The  general  relations  of  land  and  water  in  the  middle  latitudes 
of  the  eastern  part  of  the  continent  during  the  three  divisions  of  time 
mentioned  above  may  be  roughly  illustrated  by  Fig.  229. 

There  has  long  been  doubt  as  to  the  propriety  of  regarding  the 
Permian  as  a  part  of  the  Carboniferous,  and  though  mentioned  in  this 

r ^-    " ' 1 

Fio.  229. — Diagram  illustrating  the  general  attitude  of  the  middle  latitudes  of  the 
eastern  part  of  the  United  States,  with  reference  to  sea-level,  during  the  Mississippian 
Pennsylvanian,  and  Permian  periods.  The  dotted  line  represents  land,  the  full 
line,  sea  level. 

connection,  it  is  here  regarded  as  a  separate  period,  coordinate  with 
the  Silurian,  Devonian,  etc. 

There  seem  to  be  sufficient  reasons,  also,  for  regarding  the  Missi&- 
sippian  or  Early  Carboniferous  formations  as  a  sj^tem  coordinate 
with  the  Silurian,  Devonian,  etc.,  and  this  classification  is  here  adopted. 
The  reasons  for  this  departure  from  the  current  classification  will  be 
indicated  after  the  history  of  the  period  has  been  sketched. 
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Formations  and  Physical  History. 

The  transition  from  the  Devonian  period  to  the  Mississippian  seems 
to  have  been  accomplished  without  notable  deformative  movement,  so 
far  as  the  larger  part  of  North  America  is  concerned.  This  is  shown 
by  the  fact  that  the  earlier  formations  of  the  Mississippian  period 
covered  most  of  the  area  where  Devonian  sedimentation  had  been 
in  progress,  and  that  the  formations  of  the  later  system  are,  in  general, 
conformable  on  those  of  the  earlier.  These  relations  hold  for  both 
the  eastern  and  western  parts  of  the  continent.  On  the  other  hand, 
the  Mississippian  strata  are  more  wide-spread  than  the  Devonian, 
indicating  that  the  interior  sea  of  the  Mississippian  period  spread  some- 
what more  widely  over  the  continent  than  that  of  the  late  Devonian 
period.  The  Catskill  region,  except  perhaps  its  western  part,  appears 
to  have  ceased  to  be  an  area  of  sedimentation  (compare  Figs.  196  and 
228),  and  in  the  eastern  part  of  the  continent,  especially  in  New  Eng- 
land and  the  Acadian  region  to  the  north,  sedimentation  was  inter- 
rupted, for  there  the  Carboniferous  beds  often  overlie  the  upturned 
and  eroded  Devonian  strata  unconformably. 

The  Mississippian  period  riiay  be  looked  upon  as  beginning  with 
the  beginning  of  the  continental  submergence  which  followed  the 
Devonian  period,  and  as  ending  with  the  emergence  of  considerable 
areas  of  the  continent,  and  a  corresponding  restriction  of  the  epi- 
continental sea  (Fig.  229).  From  this  definition  of  the  period,  it 
follows  that  the  earlier  beds,  deposited  while  the  advance  of  the  sea 
was  in  progress,  are  more  restricted  in  their  distribution  than  those 
of  a  somewhat  later  stage,  when  the  continent  was  more  generally 
submerged  beneath  the  epicontinental  sea. 

Throughout  the  period,  the  interior  sea  seems  to  have  been  boimded 
on  the  north,  the  east,  and  the  south  by  land,  though  there  were  prob- 
ably connections  with  the  ocean  in  these  directions.  To  the  west 
it  opened  broadly,  though  less  is  known  concerning  its  extension 
in  that  direction.  In  the  interior  sea  of  the  east,  and  in  the  more 
open  sea  of  the  west,  there  were  the  conditions  for  varied  sedi- 
mentation. 
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Subdivisions. 

The  following  subdivisions  of  the  Mississippian  sj^tem  are  recog- 
nized in  the  regions  indicated: 


Mississippi  River  States.^ 

Ohio.* 

Pennsylvania.' 

MaryUnd.« 

4.  Kaskaskia  or  Chester 

3.  St.  Louis 

2.  Osage  or  Augusta  (includ- 
ing the  Burlington, 
Keokuk  and  Warsaw) 

1.  KinderhooK  or  Chouteau 

7.  Maxvilie 

6.  Logan 

5.  Black  Hand 
•  4.  Cuyahoga 

3.  Sunbury 

2.  Berea  grit 
.1.  Bedford 

2.  Mauch  Chunk 
1.  Pocono 

3.  Mauch  Chunk 
2.  Greenbrier* 

1.  Pocono 

East  of  the  Great  Plains. 

In  the  early  part  of  the  Mississippian  period,  when  the  sea  was 
somewhat  more  expanded  than  is  shown  in  Fig.  196  and  less  wide-spread 
than  is  represented  in  Fig.  228,  the  eastern  edge  of  the  sea  seems  to 
have  been  bordered  by  high  land,  for  along  the  western  border  of 
Appalachia  coarse  sediments  (sands  and  gravels,  now  Pocono  sand- 
stone and  conglomerate)  were  gathering.  The  land  to  the  north  and 
south  of  the  interior  sea  seems  to  have  yielded  finer  sediments.  In 
the  area  east  of  the  Cincinnati  arch,  the  sediments  which  now  con- 
stitute the  lower  part  of  the  Waverly  series  ®  were  being  deposited. 
Much  of  this  sediment  may  have  come  from  the  arch  itself,  which 
may  have  been  at  first  a  peninsula  and  later  an  island.  The  area 
of  southern  Michigan  ^  was  a  sort  of  bay  or  enclosed  sea  into  which 
sediment  was  washed  from  the  surrounding  lands  at  the  time  the 
lower  part  of  the  Waverly  series  was  being  deposited  east  of  the  Cin- 
cinnati arch.    The  association  of  salt  (brine)  with  the  Michigan  beds 

*  Williams,  Bull.  80,  U.  S.  Geol.  Sun'.,  p.  169.  St.  Genevieve  was  the  term  applied 
by  Williams  to  the  upper  part  of  the  Mississippi  system. 

» Prosser,  Jour,  of  Geol,  Vol.  IX,  p.  215,  and  Vol.  XI,  p.  520.  See  also  Am. 
Geol.,  Vol.  XXXIV,  p.  335. 

'  Pennsylvania  Repts.  and  folios  of  U.  S.  Geol.  Surv. 

*  O'Hara,  Maryland  Geol.  Surv.,  Allegany  Co.,  pp.  109-13. 

*The  Greenbrier  is  absent  in  eastern  Pennsylvania.  It  comes  in  as  a  lentil  of 
limestone  farther  west,  and  thickens  southward,  becoming  an  important  formation 
in  Virginia,  largely  replacing  the  Mauch  Chunk  shale.  See  BrowIl8^'iIle-ConneUa- 
ville  folio,  U.  S.  Geol.  Surv.     (Campbell.) 

*  Geol.  Surv.  of  Ohio,  Vol.  VII,  pp.  503-815. 

'  Geol.  Surv.  of  Michigan,  Vol,  V  and  Vol.  VII,  Pt.  II,  Huron  County. 
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(Richmondville  fBerea]  sandstone)  is  significant  of  the  climate  as 
well  as  of  the  geography  of  the  time. 

The  Kinderhook  series. — West  of  the  Cincinnati  arch,  the  con- 
ditions of  sedimentation  were  varied  as  shown  by  the  nature  of  the 
formations.  In  the  early  stages  of  the  period  the  sediments  laid  down 
were  sometimes  clastic  and  sometimes  calcareous.  The  lowest  series 
in  the  states  bordering  the  Mississippi  is  commonly  known  as  the 
Kinderhook  series,^  and  is  characterized  by  considerable  variations 
in  the  character  of  the  rock.  The  sedimentation  seems  to  have  varied 
not  only  in  different  places  at  the  same  time,  but  in  the  same  place 
at  different  times.  The  Kinderhook  series  is  to  be  looked  on  as  repre- 
senting the  time  when  the  sea  was  in  the  early  stage  of  its  advance. 

The  Osage  or  Augusta  series. — ^A  little  later  the  waters  of  the  Mis- 
sissippi River  region  became  clearer,  and  the  varied  sedimentation 
just  referred  to  gave  place  to  the  deposition  of  the  more  nearly  pure 
limestone.  This  limestone  represents  the  second  or  Osage  stage  of 
the  period.  The  sea  in  which  this  limestone  was  deposited  extended 
far  to  the  westward,  probably  to  New  Mexico  on  the  one  hand  and 
to  Montana  on  the  other,  though  between  the  97th  meridian,  and  the 
Rockies  the  strata  then  deposited  are  generally  buried  by  later  for- 
mations. The  likeness  of  the  fossils  of  the  Osage  limestone  of  the  Mis- 
sissippi basin  to  those  of  the  corresponding  formation  of  Europe  are 
thought  to  indicate  some  available  route  of  travel  for  marine  species 
(especially  crinoids)  between  these  widely  separated  regions.  What 
is  now  known  of  the  distribution  of  the  strata  of  this  stage  seems  to 
point  to  the  conclusion  that  this  route  was  a  northerly  one,  via  Grin- 
nell  Land  and  Spitzbergen,or  possibly  via  Alaska  and  Siberia  (Fig.  228). 
Shallow  water  and  the  absence  of  great  variations  of  temperature  are 
probably  the  only  conditions  necessary  for  such  migration  as  the  faunas 
of  these  widely  separated  regions  imply.  The  Osage  series  of  the 
inmiediate  Mississippi  basin,  known  in  Iowa  and  Missouri  as  the  Augusta 
series,  consists  of  several  subdivisions  which  have  local  names.^ 
Locally,  geodes  abound  in  the  series. 

^  For  details  concerning  the  Kinderhook  of  Missouri,  see  Weller,  Jour.  GeoL,  VoL 
IX,  pp.  130-48;  and  Keyes,  Vol.  VIII,  pp.  313-21;  and  Bull.  Geol.  Soc.  Am.,  VoL 
XIII,  pp.  267-02;  for  Iowa,  see  Calvin  and  Keyes,  Vols.  Ill  and  XIII,  Iowa  GeoL 
Surv. 

'  See  reports  of  Missouri,  Iowa,  Illinois,  Indiana,  etc. 
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The  rich  deposits  of  zinc  and  lead  ore  in  southwestern  Missouri  and 
eastern  Kansas  are  chiefly  in  the  Osage  (Burlington)  beds,^  though  the 
metallic  materials  were  concentrated  into  ores  at  a  much  later  time. 

During  the  second  or  Osage  stage  of  the  Mississippi  basin  the  con- 
ditions of  sedimentation  in  Michigan  seem  to  have  remained  much  as 
in  the  Kinderhook  stage,  and  the  accumulation  of  clastic  sediments 
continued. 

East  of  the  Cincinnati  arch,  which  probably  remained  above  water 
as  an  island,  the  deposition  of  clastic  sediments  was  also  continued, 
the  sediments  of  eastern  Ohio  constituting  a  part  of  the  Waverly 
series.2  gtiH  farther  east,  the  accumulation  of  the  sand  and  gravel 
of  the  first  stage  (Pocono)  either  continued,  or  had  been  succeeded 
by  the  deposition  of  the  mud  which  now  constitutes  the  Mauch  Chunk 
shales  3  The  exact  time-relation  of  these  shales  to  the  Osage  epoch 
is  undetermined. 

While  the  Mauch  Chunk  shales  succeed  the  Pocono  sandstone  of 
eastern  Pennsylvania,  with  no  intervening  formation,  there  is,  in  western 
Pennsylvania,  a  lentil  of  limestone  in  the  shales.  To  the  south,  this 
limestone  thickens  at  the  expense  of  the  shale,  and  in  Maryland  *  and 
Virginia  constitutes  a  well-defined  formation  of  limestone  (Greenbrier) 
lying  between  the  Pocono  below  and  the  Mauch  Chunk  above.  The 
Newman  limestone  of  more  southerly  regions  ^  is  perhaps  the  equi^'a- 
ent  of  the  Greenbrier,  or  of  the  Greenbrier  and  Pocono. 

The  St.  Louis  formation. — During  the  third  recognized  stage  of 
the  period,  limestone  (St.  Louis)  deposition  was  continued  in  the 
Mississippi  basin,  but  the  fauna  which  it  contains  is  so  unlike  that 
which  had  preceded  as  to  show  that  geographic  changes  of  consequence 
to  the  marine  life  of  the  interior  had  taken  place.  The  changes  seem 
to  have  been  connected  with  the  removal  of  a  barrier  somewhere  in 
the  west,  which  allowed  the  fauna  of  the  Great  Basin  region,  hereto- 
fore shut  off  from  that  of  the  interior,  to  migrate  eastward,  and  mingle 
with  that  of  the  Mississippi  basin.  This  stage  marks  the  time  of 
maximum  Mississippian  submergence,  so  far  as  the  western  interior  is 
concerned  (Fig.  228). 

»  Bain,  Van  Hise,  and  Adams,  22d  Ann.  Rept.,  U.  S.  Geol.  Surv.,  Pt.  Ill, 
'  In  addition  to  the  State  Reports  of  Ohio,  see  Prosser,  Jour,  of  Geol.,  VoL  IX, 
pp.  205-31,  and  Vol.  XI,  p.  519. 

» Probably  of  terrestrial  origin.     Barrell,  G.  S.  A.,  Dec.,  1906. 

*  Prosser,  Jour,  of  Geol.,  VoL  IX,  p.  422.  *See  Tennessee  folios. 
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The  peculiar  faunal  changes  which  resulted  from  the  geographic 
changes  referred  to  are  discussed  elsewhere  (p.  518).  Suffice  it  here 
to  say  that  the  fauna  of  the  St.  Louis  limestone  of  the  Mississippi  River 
region  contains  species  which  seem  to  have  lived  in  the  region  which 
is  now  the  Great  Basin,  but  to  have  been  unable  to  escape  from  it, 
at  least  to  the  eastward,  until  this  time.  Their  escape  and  migration 
to  the  eastward  at  this  time  is  the  reason  for  believing  that  the  barrier 
which  had  heretofore  restricted  them  was  broken  down. 

It  was  perhaps  during  this  epoch  that  the  Bedford  limestone  of 
Indiana,  famous  as  a  building  stone,  was  deposited.  Much  of  this 
limestone  is  foraminiferal,  and  was  long  mistaken  for  oolite.  It 
is  in  the  beds  of  this  epoch,  too,  that  many  of  the  great  limestone 
caves  of  Kentucky  and  southern  Indiana  occur. 

In  Michigan  conditions  seem  to  have  remained  much  as  before 
for  beds  containing  salt  (brine)  and  gjrpsum  (Michigan  series)  were 
still  in  process  of  deposition,^  at  least  during  the  earlier  part  of  this 
epoch. 

The  strata  east  of  the  Cincinnati  arch  have  not  been  definitely 
correlated  with  those  of  the  third  stage  of  the  period  farther  west.  The 
limestone-making  conditions  of  the  Mississippi  River  region  may  have 
extended  eastward,  south  of  the  Cincinnati  arch,  to  eastern  Kentucky, 
Tennessee,  and  West  Virginia.  Farther  north  the  sediments  of  this 
stage  were  predominantly  clastic,  and  constitute  the  upper  portion 
of  the  Waverly  series.  Locally,  deposits  of  this  time  contain  both 
coal  and  iron  ore.^  In  the  northern  part  of  the  Appalachians  the 
Mauch  Chunk  shales  ^  were  in  process  of  deposition,  while  other  names 
(Pennington,  Canaan,^  etc.)  are  applied  to  the  contemporaneous 
deposits  farther  south  in  the  same  mountain  system.  The  Mauch 
Chimk  shales  contain  some  iron  ore. 

The  Kaskaskia  (Chester)  beds. — ^The  fourth  stage  of  the  Mississippian 
period,  according  to  the  classification  adopted  for  the  Mississippi 
basin,  seems  to  have  been  marked  by  more  restricted  waters  and  more 
varied  sedimentation,  for  sandstone  and  shale  are  sometimes  asso- 
ciated with  the  limestone  of  this  epoch.    The  deposits  of  this  stage 

»  Geol.  Surv.  of  Michigan,  Vol.  VII,  Pt.  II,  pp.  13-15. 
» Geol.  Surv.  of  Ohio,  Vol.  Ill,  p.  819. 

'  The  name  Mauch  Chunk  is  applied  as  far  south  as  Maryland;  see  Jour,  of  GeoL 
Vol.  IX,  pp.  422-4. 

*  See  Tennessee  folios. 


504  GEOLOGY. 

resemble  in  a  general  way  those  of  the  first  stage  (Kinderhook)  of 
the  period.  Those  were  made  while  the  sea  was  advancing  on  the 
land  and  deepening;  these  while  it  was  shoaling  and  retreating.  Both 
are  more  restricted  in  their  distribution  than  the  beds  of  the  inter- 
mediate epochs.  While  sedimentation  was  general  over  the  central 
Mississippi  basin,  there  were  probably  changes  in  the  relation  of  land 
and  water  from  time  to  time. 

In  Michigan  ^  and  Ohio  the  sediments  of  this  stage  (Maxville,  upper 
part  of  Grand  Rapids,  see  p.  500)  were  partly  calcareous  and  partly 
clastic.  Farther  east  the  accumulating  beds  (upper  part  of  Mauch 
Chunk)  were  clastic. 

In  summation  it  may  be  said  that  while  the  Mississippian  beds 
are  predominantly  clastic  east  of  the  Cincinnati  arch,  they  are  pre- 
dominantly limestone  west  of  it,  though  limestone  is  not  wanting 
in  the  east,  especially  in  the  latitude  of  West  Virginia  and  Maryland, 
nor  sandstone  and  shale  in  the  Mississippi  basin,  especially  in  the  first 
and  last  epochs  of  the  period.  At  many  points  the  Mississippian 
system  carries  great  quantities  of  chert. 

The  sections  of  the  Mississippian  system  on  pp.  557-563  give  some 
idea  of  its  character,  its  range,  and  its  relations.^ 

The  Mississippian  system  is  represented  northeast  of  the  United 
States,  where  it  underlies  the  Coal  Measures  of  Nova  Scotia.  In  the 
coal  field  of  this  region  ^  the  Mississippian  formations  rest  on  Cam- 
brian and  pre-Cambrian  terranes.  The  sj^tem  consists  of  a  thick 
formation  (2500  feet)  of  more  or  less  conglomeratic  sandstone  below, 
and  of  shale  and  limestone  above.  With  the  shale  and  limestone  there 
are  local  beds  of  red  sandstone  and  gypsum. 

In  the  Great  Plains. 

Within  the  area  of  the  Great  Plains,  the  Mississippian  system  is 
known  in  Indian  Territory*  (part  of  the  Caney  shale,  the  aggregate 

1  Lane,  Geol.  Surv.  of  Micliigan,  Vol.  VII,  Pt.  II,  pp.  13-15,  and  22d  Ann.  Kept., 
U.  S.  Geol.  Surv.,  Pt.  III. 

'The  Mississippian  (Subcarboniferous,  Lower  Carboniferous)  is  shown  in  many 
of  the  folios  of  Alabama,  Georgia,  Tennessee,  Virginia,  West  Virginia,  Kentucky, 
and  Pennsylvania. 

»  Fletcher,  Descriptive  Note  on  the  Sydney  Coal  Field,  Cape  Breton,  N.  S.,  1900. 

*  Taflf,  Atoka,  and  Colgate  folios,  U.  S.  Geol.  Surv. 
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thickness  of  which  is  about  1500  feet),  in  eastern  Wyoming  ^  (Guernsey 
and  part  of  the  Hartville  formation),  and  in  South  Dakota  ^  (Engle- 
wood  and  Pahasapa  limestone).  A  section  for  this  region  is  given 
on  p.  554. 

In  Indian  Territory  there  was  some  disturbance  at  about  the 
close  of  the  Mississippian.  The  beds  warped  upward  (relatively)  at 
this  time  suffered  erosion,  and  an  extensive  chert-conglomerate,  the 
conditions  for  which  were  prepared  by  the  interval  of  erosion,  marks 
the  early  stage  of  Carboniferous  proper  (Pennsylvanian)  deposition. 

West  of  the  Great  Plains. 

West  of  the  Great  Plains  the  Lower  Carboniferous  is  so  widely 
distributed  as  to  show  that  the  present  mountain  region  as  far  west 
as  the  117th  meridian  was  mostly  submerged,  though  there  were  numer- 
ous islands,^  some  of  which  occupied  the  position  of  existing  mountain 
cores.  North  of  the  United  States,  marine  conditions  prevailed  east 
of  the  Gold  Ranges,  and  again  west  of  those  mountains.  In  gen- 
eral, submergence  seems  to  have  been  more  wide-spread  in  the  west  in 
this  period  than  in  the  Pennsylvanian  period  which  follows;  but  in 
Wyoming  submergence  was  more  general  in  the  later  period.'* 

The  several  stages  of  the  epoch,  as  defined  in  the  Mississippi  basin, 
have  not  been  separately  recognized  in  the  west,  and,  except  for  the 
removal  (by  sinking  or  otherwise)  of  the  barriers  which  bounded  the 
Great  Basin  on  the  east,  it  is  not  known  that  geographic  changes  of 
importance  occurred  in  that  region  during  the  progress  of  the  period. 
Much  of  the  Mississippian  system  in  the  west  is  limestone,  though 
clastic  formations  are  not  wanting.*    The   Mississippian  formations 

*  W.  S.  T.  Smith  and  Darton,  Hartville,  Wyo.,  folio,  U.  S.  Geol.  Surv.  As  classified 
in  this  folio,  there  is  an  unconformity  in  the  Mississippian,  but  conformity  between 
it  and  the  Carboniferous  proper. 

'Darton,  21st  Ann.  Kept.,  U.  S.  Geol.  Surv.,  Pt.  IV,  p.  503. 
'Emmons,  Bull.   Geol.  Soc.   Am.,  Vol.   I,  pp.  263-7. 

*  Knight,  Bull.  45,  Wyo.  Exp.  Station,  1900. 

*  The  Mississippian  is  not  differentiated  from  the  Pennsylvanian  on  the  maps  of 
most  of  the  western  folios  of  the  U.  S.  Geol.  Surv.,  though  the  two  are  sometimes 
differentiated  in  the  text.  The  Carboniferous  (Mississippian  and  Pennsylvanian) 
is  shown  in  the  following  folios  of  the  west :  Colorado,  Anthracite  and  Crested  Butte^ 
Pike's  Peak,  Ten  Mile  District  and  Walsenbiu^g;  Wyoming,  Absaroka,  Yellowstone  and 
Hartville;  Montana,  Fort  Benton,  Little  Belt,  Three  Forks  and  Livingston;  Utah, 
Tintic;    Arizonot  Bisbee;    and  on  most  of  the  California  folios. 


506  GEOLOGY, 

are  exposed  about  many  of  the  mountains  of  the  west,  and  over  con- 
siderable areas  outside  the  mountains.  The  system  often  rests  on 
the  Cambrian  ^  or  Ordovician,^  as  well  as  the  Devonian,  and  it  some- 
times overlaps  all  earlier  Paleozoic  systems  and  lies  upon  the  Pro- 
terozoic^  (Algonkian),  and  frequently  attains  a  thickness  of  several 
thousand  feet. 

In  Colorado  ^  the  Mississippian  is  represented  chiefly  by  limestone 
and  dolomite  (the  Leadville  in  central  Colorado,  the  Ouray  in  the 
San  Juan  region,  and  the  Millsap  in  the  Front  range),  200  to  800  feet 
thick,  and  is  one  of  the  richest  ore  horizons  of  the  state.  The  faunas 
indicate  the  reference  of  these  beds  to  the  Early  Mississippian.  The 
later  beds  of  this  system  were  probably  removed  in  the  post-Mississippian 
erosion  interval. 

Mississippian  limestone  occurs  in  northeastern  Washington*  and 
in  the  Canadian  Rockies,  where  the  series  is  between  6000  and  7000 
feet  thick,  and  includes  5100  feet  of  limestone.®  The  system  is  very 
generally  exposed  in  the  foot-hills  of  the  Rocky  mountains.  In  many 
parts  of  the  west  it  is  unconformable  beneath  the  Upper  Carboniferous 
or  Pennsylvanian,  and  in  many  places  there  is  an  unconformity  in  the 
imdifferentiated  Carboniferous  which  may  prove  to  divide  the  two 
systems.  The  system  is  also  extensively  developed  in  Alaska,^  where 
the  Carboniferous  proper  is  less  wide-spread,  so  far  as  present  knowl- 
edge is  concerned,  and  also  along  the  Arctic  Ocean  farther  east  (Fig. 
228).  In  the  last-named  region  the  beds  are  coal-bearing.®  The  Lower 
Carboniferous  (Mississippian)  has  also  been  recognized  on  Mehdlle 
Island. 

*  Spring  Mountain  range  of  South  Nevada,  Walcott,  cited  by  Spurr,  Bull.  208, 
U.  S.  Geol.  Surv.,  pp.  166-172;  and  also  at  various  points  in  the  Black  Hills  of  South 
Dakota,  Darton,  21st  Ann.  Rept.,  U.  S.  Geol.  Surv.,  Pt.  IV. 

'  Snake  Range,  Nevada,  Weeks,  cited  by  Spurr,  Bull.  208,  U.  S.  Geol.  Surv.,  p.  32. 
■  Smith  and  Darton,  Hartville,  Wyo.  folio,  U.  S.  Geol.  Surv. 

*  Eldridge,  Anthracite-Crested  Butte  folio,  U.  S.  Geol.  Surv.;  and  Girty,  Prof. 
Paper  No.  16,  pp.  162,  163,  and  217. 

^Landes,  unpublished  evidence. 

•Dawson,  Bull.  Geol.  Soc.  Am.,  Vol.  XII,  p.  69.  Willis  thinks  some  of  the  beds 
correlated  by  Dawson  with  the  Carboniferous  are  Algonkian;  Bull.  Geol.  Soc.  Am., 
Vol.  XIII,  pp.  323-5. 

'  Dawson,  op.  cit.,  p.  85. 

*  Dawson,  Can.  Geol.  Surv.,  1886,  pp.  12R,  46-49R,  and  Map. 
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Igneous  Activity, 

During  this  period,  according  to  present  determinations,  there 
ivas  great  igneous  activity  in  the  west.  West  of  the  Gold  ranges 
in  British  Columbia,  the  early  Carboniferous  is  made  up  largely  of 
igneous  rock,  with  intercalated  beds  of  clastic  sediments.  The  area 
affected  by  vulcanism  at  this  time,  or  soon  after,  extended  from  Alaska 
on  the  north  to  California  on  the  south.^  For  this  region  the  vol- 
"Canic  activity  subsided  before  the  close  of  the  Pennsylvanian  period. 

Close  of  the  Period. 

Geographic  changes  w^hich  contracted  the  eastern  interior  sea 
to  very  narrow  limits  (Fig.  240),  if  they  did  not  completely  obliterate 
it,  brought  the  Mississippian  period  to  a  close.  Similar  changes  can- 
not be  affirmed  to  have  affected  the  western  half  of  the  continent  to 
the  same  extent,  but  the  tendency  of  recent  studies  is  to  show  that 
geographic  changes  of  consequence  took  place  even  in  this  part  of 
the  continent  at  this  time.  Evidence  of  this  import  is  found  in  Mon- 
tana 2  and  farther  north,^  where  the  Lower  Carboniferous  is  more 
w^ide-spread  than  the  Upper,  in  British  Columbia,*  in  Colorado,^  in 
Indian  Territory,®  where  there  was  perhaps  notable  warping,  and 
perhaps  in  Utah.^ 

In  some  parts  of  the  west,  however,  so  far  as  now  known,  marine 
conditions  prevailed  uninterruptedly  from  the  early  Mississippian 
period  to  the  later  part  of  the  Pennsylvanian  period. 

Sections  of  the  Mississippian  system,®  at  various  points  in  the  United 

>  Dawson,  op.  cit.,  p,  85, 

'  Montana  folios,  U.  S.  Geol.  Surv. 

»  Dawson,  Bull.  Geol.  Soc.  Am.,  Vol.  XII,  p.  85. 

•  Dawson,  Science,  March  15,  1901. 

•  Crested  Butte  quadrangle  of  the  Anthracite-Crested  Butte  folio,  U.  S.  Geol.  Surv. 
See  also  5  below. 

•  Colgate,  I.  T.  folio,  U.  S.  Geol.  Surv.,  p.  5. 

'  Enunons,  Oogenic  Movements  in  the  Rocky  mountains,  Bull.  Geol.  Soc.  Am., 
Vol.  I.  Also  Mono.  XXVII,  U.  S.  Geol.  Surv.,  and  Anthracite-Crested  Butte  folio, 
r.  S.  Geol.  Surv. 

•  The  Mississippian  system  is  not  represented  as  a  separate  system  on  the  folios 
of  the  U.  S.  Geological  Survey;  but  in  the  later  folios,  such  as  the  Indiana,  Latrobe, 
Elkland-Tioga.  Mason town-Uniont own,  and  Brownsville-Connellsville  folios  of  Pennsyl- 
vania, the  Gaines  folio  of  Pennsylvania-New  York,  the  New^  Castle  folio  of  Wyoming- 
South  Dakota,  and  the  Edgemont  folio  of  South  Dakota-Nebraska,  it  is  represented 
as  a  major  division  of  the  Carboniferous.     In  the  text  of  older  folios  the  Mississip- 
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States,  are  given,  along  with  the  associated  sections  of  the  Pennsyl- 
vanian  (Carboniferous  proper),  on  pp.  557-563. 

Reasons  for  Regarding  the  Mississippian  a  Distinct 

System. 

The  withdrawal  of  the  sea  from  a  large  part  of  the  eastern  interior 
at  the  close  of  the  Mississippian  division  of  the  Carboniferous  period 
exposed  the  newly  deposited  sediments  to  erosion.  The  exposure 
was  long  and  the  erosion  considerable.  At  the  opening  of  the  Coal 
Measures  period,  as  will  be  seen  in  the  sequel,  a  large  part  of  this  area 


Fio.  230. — Ck>mi)osite    diagrammatic    section,    showing   the    unconformity   between 
the  Mississippian  and  Pennsylvanian  systems  in  Iowa.     (Keyes,  la.  Geol.  Surv.) 


was  again  the  site  of  deposition,  and  the  new  system  rests  uncon- 
formably  on  the  Mississippian  over  wide  areas.^  This  is  true  in  places, 
and  perhaps  generally,  in  Missouri  ^  (Fig.  232),  lowa^  (Fig.  230), 
Kansas,*  probably  in  Illinois,  in  Indiana  ^  (Fig.  231),  Kentucky  ^  and 

pian  is  often  clearly  separated  from  the  Pennsylvanian,  though  not  as  a  separate 
system. 

>  Missouri  Geol.  Surv.,  Vol.  VII,  p.  422,  and  Vol.  VIH,  pp.  340  and  343;  Iowa 
Geol.  Surv.,  Vol.  IV,  p.  282,  and  Vol.  I,  pp.  74  and  89;  the  Univ.  Geol.  Surv.  of  Kans., 
Vol.  I,  pp.  17  and  147;  Indiana  Dept.  of  Geol,  20th  Ann.  Rept.,  p.  196  et  seq.,  and 
23d  Ann.  Rept.,  p.  101;  Charleston,  W.  Va.,  Standing  Stone,  Chattanooga,  Loudon, 
and  Wartburg,  Tenn. ;  Richmond  and  Loudon,  Ky.,  and  Gadsden,  Ga.,  folios,  US.. 
Geol.  Surv. 

» Missouri  Geol.  Surv.,  Vol.  VII,  p.  424,  and  XII,  Pt.  II,  pp.  31  and  209,  and  22d 
Ann.  Rept.,  U.  S.  Geol.  Surv.,  Pt.  II,  p.  88. 

>Geol.  Surv.  of  la..  Vol.  V,  p.  321,  Vol.  VII,  pp.  79,  210,  426,  503;  Vol  DC,  p. 
265,  and  Vol.  XII,  pp.  82,  296,  and  448. 

*Univ.  Geol.  Surv.  of  Kans.,  Vol.  I,  pp.  16  and  147. 

•  22d  Ann.  Rept.,  Dept.  of  Geol.  and  Nat.  Res.,  p.  17;  and  23d  Rept.,  p.  74,  and 
Fuller,  Ditney  folio,  U.  S.  Geol.  Surv. 

•Loudon  and  Richmond  folios,  U.  S.  Geol.  Surv. 
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Pennsylvania/  West  Virginia,^  Maryland,^  and  Tennessee,^  and  the 
tendency  of  recent  studies  is  to  greatly  extend  it.    (See  also  sections 


'7?;.  ~i:  rz 'r"^^     Concent •d. 


Fig.  231. — Diagrams  showing  unconformity  between  the  Mississippian  and  Penn- 
sylvanian  systems  in  Indiana,  A,  at  Little  Pine  Creek;  B,  at  Turkey  Run  (Hop- 
kins: Ind.  Geol.  Surv.) 

pp.  557  et  seq,)  In  Indian  Territory  there  was  disturbance  (perhaps 
erogenic)  in  the  Arbuckle  mountains  at  the  close  of  the  Mississippian 
period.* 


Fio.  232. — Coal  in  a  trough  excavated  in  Mississippian  limestone.    Cooper  Co.,  Mo. 
(Winslow,  Missouri  Geol.  Surv.) 

This  wide-spread  emergence,  erosion,  and  submergence,  with  the 
accompanying  unconformity  of  the  overlying  series,  is  just  the  sort 

*  Fuller,  Gaines  (Pa.-N.  Y.)  folio,  U.  S.  Geol.  Surv'. ;   Campbell,  Brownsville-Con- 
nellsville  (p.  7),  Masontown-Uniontown  (p.  7),  and  Elkland-Tioga  (p.  3)  folios. 

'West  Virginia  Geol.  Surv.,  VoL  II,  p.  610  (I.  C.  White);   Campbell,   Charleston 
(W.  Va.)  folio,  U.  S.  Geol.  Surv. 

*  White  (David),  20th  Ann.  Rept.,  U.  S.  Geol.  Surv.,  Pt.  II,  and  Martin,  Md.  GeoL 
Surv.,  Report  on  Garrett  Co.,  p.  110. 

*  Maynardville,  Tenn.,  folio,  U.  S.  Geol.  Surv.  (Keith). 
•Colgate,  I.  T.,  folio,  U.  S.  Geol.  Surv.     (Taff.) 
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of  change  which  is  here  held  to  separate  periods  (not  epochs).  As 
already  indicated,  the  geographic  changes  extended  far  beyond  the 
eastern  interior,  and  even  beyond  the  Mississippi  basin.  In  Colorado  ^ 
there  is  a  great  break  in  the  Carboniferous  system  which  perhaps 
corresponds  to  that  just  noted.  Great  thicknesses  of  the  Mississippian 
system  were  probably  removed  before  the  deposition  of  the  Pennsyl- 
vanian  formations.  The  relations  of  the  strata  below  and  above  the 
imconformity  are  such  as  to  show  not  only  that  great  changes  of  level, 
but  probable  orogenic  movements  supervened.  Similar  changes  are 
suggested  by  the  relations  of  the  earlier  and  later  Carboniferous  beds  in 
Utah,2  Montana,^  and  in  British  Columbia,^  though  their  contem- 
poraneity with  those  of  the  Mississippi  basin  has  not  been  established. 
Even  where  there  is  no  unconformity  between  the  Lower  Carboniferous 
and  the  Coal  Measures,  as  in  most  of  the  Appalachian  belt,  there  was 
a  notable  change  in  sedimentation,  indicating  physical  changes  of 
consequence.  Nowhere  else  in  the  whole  course  of  the  Paleozoic  era 
are  so  great  physical  changes  embraced  within  the  limits  of  one  period. 
On  this  ground,  the  Mississippian  (or  Lower  Carboniferous)  might 
well,  be  separated  from  the  Pennsylvanian  (Coal  Measures)  as  a  sepa- 
rate system.  If  the  Mississippian  and  Pennsylvanian  are  still  regarded 
as  subdivisions  of  the  Carboniferous  period,  it  should  be  distinctly 
understood  that  these  epochs,  and  their  corresponding  series  of  for- 
mations, are  much  more  distinct,  physically,  than  the  epochs  and  series 
of  earlier  Paleozoic  periods. 

Thickness  of  the  Mississippian  System. 

In  keeping  with  the  variations  in  the  sediments,  the  thickness  of 
the  Mississippian  system  is  exceedingly  variable.  In  Pennsylvania, 
where  the  group  reaches  its  maximum  development,  there  is  a  thick- 
ness of  1400  feet  of  sandstone  (Pocono),  with  3000  feet  of  shale  (Mauch 
Chunk)  above  it;  but  so  rapidly  do  the  formations  thin  to  the  westward 
that  in  the  western  part  of  the  state  the  equivalent  formations  have 

*  Emmons,  Orogenic  Movements  in  the, Rocky  Mts.,  Bull.  Geol.  Soc.  Am.,  VoL  I; 
Mono.  XXVII,  U.  S.  Geol.  Surv.;  Anthracite-Crested  Butte;  and  Ten  Mile,  Colo., 
folios,  U.  S.  Geol.  Surv.    Also  Girty,  Professional  Paper  No.  16,  U.  S.  Geol.  Surv. 

'See  1  above. 

»  Montana  folios,  U.  S.  Geol.  Surv. 

*  Dawson,  Science,  March  15,  1901. 
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a  thickness  of  only  300  to  600  feet.  In  Maryland  the  thickness  is 
about  1300  feet.^  In  Ohio  the  sedimentary  beds  (Waverly  shales) 
are  rather  thicker  than  in  the  adjacent  parts  of  Pennsylvania.  In 
the  region  of  the  Mississippi,  where  the  system  is  chiefly  limestone^ 
it  reaches  a  maximum  thickness  of  about  1500  feet,  being  thinner  to 
the  north  and  thicker  to  the  south,  within  the  area  of  its  outcrop. 
Even  this  great  thickness  is  exceeded  in  West  Virginia,  where  the  lime- 
stone is  more  than  2000  feet  thick.  In  Indian  Territory  (Sycamore 
limestone  and  Caney  shale  ^)  the  Mississippian  has  a  thickness  of  about 
1800  feet,  in  the  Black  Hills  of  South  Dakota  275  to  525  feet,  in  Colo- 
rado (Anthracite-Crested  Butte  region)  400-525  feet,  and  in  the  regions 
of  the  Grand  Canyon  of  the  Colorado  in  northern  Arizona  (Red  Wall 
formation)  1800  feet.  At  any  probable  rate  of  accumulation,  such 
great  thicknesses  of  limestone  call  for  very  long  periods  of  time.  The 
duration  of  the  period  was  probably  as  great  as  that  of  some  of  the 
preceding  Paleozoic  periods. 

As  in  preceding  periods,  the  thickest  beds  of  the  Mississippian 
system  are  in  the  Appalachian  mountains.  Here  too,  where  the  beds 
are  thickest,  they  were  acciunulated  in  shallow  water,  suggesting 
either  that  subsidence  was  in  progress  pari  passu  with  the  sedimenta- 
tion, or  that  inclined  deposition  took  place,  as  the  shallow-water  zone 
crept  seaward,  pari  passu  with  the  sedimentation. 

The  distribution  of  the  imcovered  portions  of  the  Mississippian 
beds  in  the  eastern  part  of  the  continent  is  shown  in  black  in  Fig.  228. 
The  beds  themselves  are  of  cours6  much  more  extensive  than  their 
outcrops.  Within  the  area  of  North  America  they  are  believed  to 
be  concealed  by  younger  beds,  largely  Pennsylvanian  (the  lined  areas 
of  Fig.  228).  They  have  probably  been  removed  from  considerable 
areas  (dotted  areas  Fig.  228)  where  they  were  originally  deposited. 
Like  all  preceding  systems,  the  Mississippian  doubtless  has  wide  dis- 
tribution beneath  the  sea,  where  it  is  probably  thin. 

The  Lower  Carboniferous  ^  of  Other  Continents. 

Europe. — ^The  post-Devonian  Paleozoic  systems  of  Europe  resemble 
the  corresponding  systems  of  North  America  in  some  ways,  and  are  in 

» Prosser,  Jour,  of  Geo!.,  Vol.  IX,  pp.  422-4. 
»Tafif,  Professional  Paper  31,  U.  S.  Geol.  Surv. 

*The  term  Lower  Carboniferous  is  here  used,  instead  of  Mississippian,  because 
it  is  the  term  in  common  use  in  Europe. 
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contrast  with  them  in  others.  The  formations  in  eastern  and  western 
Europe,  as  in  eastern  and  western  America,  are  notably  imlike.  In 
western  Europe,  two  great  series,  or  systems,  are  included  imder  the 
Carboniferous,  namely,  (1)  the  Lower  Carboniferous,  chiefly  of  marine 
origin,  and  (2)  the  Coal  Measures  or  Carboniferous  proper,  deposited 
partly  in  lagoons,  marshes,  and  lakes,  and  partly  in  the  sea.  These 
two  systems  correspond,  in  a  general  way,  to  the  Mississippian  and 
Pennsylvanian,  respectively,  of  eastern  North  America. 

The  relations  indicated  above  do  not  hold  for  eastern  or  for  southern 
Europe.  The  Upper  and  Lower  Carboniferous  formations  of  southern 
Europe  are  like  the  Mississippian  and  Pennsylvanian  of  western  North 
America,  to  the  extent  that  they  are  chiefly  marine.  The  formations 
of  eastern  Europe  are  not  closely  analogous  to  those  of  any  part  of 
North  America,  the  Lower  Carboniferous  being  partly  marine  and 
partly  non-marine  and  coal-bearing,  while  the  Upper  Carboniferous  is 
largely  marine. 

Like  the  earlier  Paleozoic  system,  the  Lower  Carboniferous  of 
Europe  is  thicker  in  the  western  part  of  the  continent  than  in  the 
eastern,  though  the  difference  is  less  conspicuous.  In  Russia,  where 
most  of  the  preceding  Paleozoic  systems  have  had  but  a  fraction  of 
the  thickness  which  they  possess  in  western  Europe,  the  Lower  Car- 
boniferous attains  great  development. 

Though  the  rocks  of  the  Lower  Carboniferous  series  rest  conform- 
ably on  the  Old  Red  Sandstone,  or  on  other  phases  of  the  Devonian 
system,  in  many  parts  of  Europe,  they  nevertheless  record  consider- 
able geographic  changes.  The  early  Carboniferous  formations  of 
western  Europe  are  of  marine  origin,  while  the  Old  Red  Sandstone 
is  believed  to  have  been  accumulated  in  inland  basins.  Furthermore, 
the  distribution  of  the  Lower  Carboniferous  and  Devonian  is  some- 
what imlike,  the  younger  formation  occurring  at  some  points  where 
the  older  is  absent,  and  vice  versa.  Among  other  geographic  changes, 
a  very  wide-spread  submergence  of  northern  lands  in  Europe  and 
Asia,  as  well  as  North  America,  may  be  noted. 

Fig.  233  represents  the  general  relations  of  land  and  water  in  Europe 
during  the  period.  Fig.  234  shows  the  same  relations  in  France  and 
its  immediate  surroundings  in  more  detail.  In  general,  the  relations 
of  the  Lower  Carboniferous  to  the  Devonian  indicate  a  somewhat 
wide-spread,  even  if  slight,  submergence  at  the  opening  of  the  Early 
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Carboniferous  period.    This,  it  is  to  be  noted,  corresponds  with  the 
sequence  of  events  in  North  America. 

The  Lower  Carboniferous  system  of  western  Europe,  like  that  of 
North  America,  is  largely  of  limestone.  So  true  is  this  that  the  period 
is  sometimes  known  as  the  period  of  the  Carboniferous  limestone. 
In  Great  Britain,  these  formations  early  received  the  name  of 
'*  mountain  limestone,''  and  that  name  has  frequently  been  used  in 


Fig.  233. — Map  showing  the  relations  of  land  and  water  in  Europe  in  the  early  Car- 
boniferous period.  The  shaded  parts  represent  areas  of  marine  deposition. 
(After  De  Lapparent.) 

connection  with  the  corresponding  formations  in  North  America.  The 
Lower  Carboniferous  limestone  seems  to  have  extended  continuously 
from  Ireland  and  Great  Britain  over  northern  France,  where  it  has  a 
thickness  of  nearly  2500  feet  along  the  base  of  the  Ardennes,  through 
Belgium,  and  across  the  present  valley  of  the  Rhine  into  Westphalia. 
Farther  east,  it  passes  into  shale,  sandstone,  and  even  conglomerate, 
collectively  known  as  the  Culm. 

Limestone,  however,  is  not  the  only  formation  of  the  Early  Carbon- 
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iferous  (Mississippian)  period,  even  in  western  Europe.  Limestone 
denotes  clear  seas;  but  the  borders  of  clear  seas  are  often  the  sites 
of  accumulation  of  clastic  rocks,  and  the  clear  waters  of  the  early 
Carboniferous  sea  which  extended  from  Ireland  to  the  north  of  Europe 
were  bordered  by  shores  along  which  mud,  gravel,  and  sand  were  deposit- 
ing. In  the  north  of  Britain,  for  example,  near  the  northern  borders 
of  the  sea  of  the  period,  there  are  shales  and  sandstones,  and  the  same 


Fig.  234. — Map  showing  the  relations  of  land  and  water  in  France  in  the  early 
Carboniferous  period.     (De  Lapparent.) 

is  true  in  the  south  of  England  along  the  southern  border  of  the  same 
sea.  This  facies  of  the  formation  corresponds,  m  a  general  way,  with 
the  Culm  of  the  continent,  and  is  sometimes  known  by  the  same  name. 
The  Culm  phase  of  the  Carboniferous  often  contains  conglomerates, 
and  locally  coal.^  Beds  of  marine  limestone  frequently  overlie  the 
Lower  Carboniferous  coal-seams  of  Scotland. 

»Geikie,  Text-book  of  Geology,  Vol.   II,  pp.   1045-1051. 
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The  Lower  Carboniferous  of  Silesia,  and  of  central  and  southern 
Russia,  differs  from  that  in  the  western  part  of  the  continent,  in  that 
it  is  not  all  marine,  and  contains  much  coal.  The  coal-field  of  Moscow 
covers  13,000  square  miles,  the  system  resting  conformably  on  the 
Old  Red  Sandstone  or  its  equivalent.  The  coal-beds  are  mostly  thin 
and  poor.  The  coal-field  of  Donetz  (southern  Russia  ^  covers  11,000 
square  miles,  and  contains  44  workable  beds  (some  of  them  Upper 
Carboniferous)  which  have  an  aggregate  thickness  of  114  feet.  Work- 
able coal-beds  also  occur  in  the  upturned  Lower  Carboniferous  strata 
on  the  flanks  of  the  Urals. 

The  Lower  Carboniferous  is  wanting  in  most  of  central  France,  and 
eastward  through  Bohemia,^  Moravia,  and  into  the  region  of  the  Car- 
pathians. Here  the  Carboniferous  proper  (corresponding  to  the 
American  Pennsylvanian)  rests  on  older  Paleozoic  systems.  This 
tract  was  probably  land  during  the  Early  Carboniferous  period.  In 
southern  Germany  the  Lower  Carboniferous  appears  in  the  moun- 
tains only. 

The  Lower  Carboniferous  of  southern  Europe  is  not  very  different 
from  that  of  the  central  part  of  the  continent,  a  fact  which  shows  that 
the  northern  and  southern  parts  of  the  continent,  which  constituted 
such  distinct  and  persistent  provinces  during  the  earlier  periods  of 
the  Paleozoic,  were  now  less  sharply  defined. 

Lower  Carboniferous  rocks  are  also  found  in  Spitzbergen,  where 
they  rest  on  the  Old  Red  phase  of  the  Devonian. 

Igneous  rock.3 — ^The  Lower  Carboniferous  system  of  Scotland  and 
of  central  Europe  is  notable  for  the  large  amount  of  volcanic  rock 
which  it  contains.  Volcanic  rocks  dating  from  this  period,  probably 
largely  from  its  later  part,  are  found  at  various  points  in  England, 
Ireland,  and  Scotland.  In  Scotland  two  great  types  of  eruption  are 
recognized:  (1)  Plateaus,  where  the  volcanic  materials  from  many 
vents  became  continuous  over  areas  hundreds  of  square  miles  in  extent, 
the  lava  sometimes  having  a  depth  of  1500  feet;  and  (2)  puys,  where 
the  ejections  were  more  local,  and  centered  about  the  vents  which 
discharged  them.*    As  the  result  of  the  erosion  which  has  taken  place, 

*  It  is  not  always  easy  to  distinguish  the  Lower  Carboniferous  from  the  Coal 
Measures  of  Russia,  from  the  literature  wliich  is  available. 

'  Kayser,  Geologische  Format ionskunde,  p.  196. 

»  Geikie,  Text-book  of  Geologj-,  Vol.  II;   also  Ancient  Volcanoes  of  Great  Britain. 

*  Geikie.  Text-book  of  Geolog>',  4th  Ed. 
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these  volcanic  rocks  have  given  rise,  in  Scotland,  to  considerable  behs 
of  hills  and  table-lands.  Some  of  these  volcanic  rocks  were  probably 
of  submarine  origin,  and  some  of  subaerial  origin.  Igneous  rocks 
(chiefly  granite)  dating  from  the  close  of  the  Early  Carboniferous 
are  also  abundantly  associated  with  the  Lower  Carboniferous  formations 
of  the  Harz,  Thiiringerwald,  Vosges,  and  other  mountains  of  central 
Europe. 

Thickness. — The  thickness  of  the  European  Lower  Carboniferous 
is  very  great,  considering  the  fact  that  it  is  so  largely  of  limestone.  In 
England  and  Ireland,  the  limestone  attains  thicknesses  ranging  up 
to  2000  feet,  and  perhaps  even  to  2500  feet.  In  the  northern  part  of 
England  and  in  Scotland,  where  the  beds  are  elastic,  they  have  a  thick- 
ness which,  at  the  maximiun,  is  much  greater.  In  Belgium,  the  lime- 
stone is  also  very  thick.  These  great  thicknesses,  especially  of  lime- 
stone, bespeak  the  great  duration  of  the  Lower  Carboniferous  period. 
2500  feet  of  limestone,  accumulating  at  the  rate  at  wliich  limestone  is 
supposed  to  accumulate,  would  call  for  at  least  some  hundreds  of 
thousands,  and  perhaps  millions,  of  years.  The  system  also  has  great 
thickness  in  Russia. 

Close  of  the  Early  Carboniferous  period  in  Europe. — The  close  of 
the  Early  Carboniferous  period  was  marked,  in  Europe,  by  somewhat 
wide-spread  crustal  disturbances.  It  was  at  this  time  that  a  great 
system  of  mountains,  sometimes  referred  to  as  the  Paleozoic  Alps,* 
began  its  development.  This  system  of  mountains  crossed  the  central 
part  of  Europe,  from  the  islands  on  the  west  to  the  Sudetes  mountains, 
or  perhaps  beyond,  on  the  east.  Their  remnants  are  seen  in  the  Vosges, 
Black  Forest,  Harz,  Sudetes,  etc.,  moimtains  of  the  present  time.  The 
development  of  the  Ural  moimtains  appears  to  have  begun  at  the  same 
time.  Geographic  changes  which  were  not  deformative  were  also  in 
progress,  shifting  somewhat  the  areas  of  sedimentation.  In  Europe 
as  in  America,  therefore,  there  is  a  notable  break  between  the  Lower 
and  Upper  Carboniferous.  Unconformity  between  the  two  systems 
is  reported  along  the  eastern  border  of  the  Schiefergebirge  ^  in  Saxony, 
in  the  eastern  Alps,  in  southern  France,  and  in  Spain.^    These  relations, 

*  Kayser,  Geologische  Formationskunde. 
'  Kayser,  op.  cit.,  p.  170. 

•  Credner,  Elemente  der  Geologie,  p.  481. 
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it  will  be  recalled,  are  in  harmony  with  the  phenomena  of  North  America 
(see  p.  507),  but  the  imconformity  in  Europe  appears  to  be  less  wide- 
spread than  in  North  America. 

These  unconformities  are  by  no  means  the  only  indication  of  geo- 
graphic changes  at  the  close  of  the  Lower  Carboniferous,  for  both 
the  distribution  of  the  Carboniferous  proper  and  the  character  of  its 
formations  point  to  great  changes.  The  Carboniferous  rocks  are 
present  over  considerable  areas  where  the  Lower  Carboniferous  appears 
never  to  have  been  deposited,  and  they  are  absent  from  areas  where 
the  earlier  system  is  foimd.  Furthermore,  non-marine  Upper  Car- 
boniferous formations  succeed  marine  Lower  Carboniferous,  and  vice 
versa,  over  great  areas.  The  succession  first  named  obtains  in  western 
Europe,  and  the  second  in  eastern  Europe.  Great  orogenic  move- 
ments began  in  western  Europe  at  the  close  of  the  Lower  Carboniferous, 
and  continued  into  the  Permian.^  These  changes  set  off  the  Lower 
Carboniferous  from  the  Upper. 

Other  Continents. — In  other  continents,  where  geological  work  is 
less  advanced,  the  Lower  and  Upper  Carboniferous  have  not  always 
been  carefully  separated.  The  Lower  Carboniferous  system  appears 
to  be  somewhat  widely  distributed  in  North  Africa,  and  to  be  present 
in  the  southern  part  of  the  continent.^  Lower  Carboniferous  formations 
have  been  reported  in  Asia  Minor,  Persia,  in  the  Kirghiz  steppes  in 
Central  Asia,  in  North  China  and  elsewhere.  Their  faunas  are  of 
European  types,  and  the  system  sometimes  carries  coal. 

In  Australia  (Queensland  and  Victoria)  and  New  Zealand,  the 
Ix)wer  Carboniferous  consists  of  marine  sedimentary  beds  which  are 
often  much  disturbed  and  metamorphosed,  and  associated  with  more 
or  less  igneous  rock.  In  western  Australia  the  Lower  Carboniferous 
formations  (1000  to  1300  feet)  contain  gypsum  and  salt. 

In  South  America  the  Lower  Carboniferous  is  represented  in  south- 
western Argentina  by  sandstone  which  contains  some  coal,  and  in 
Chili.  In  other  parts  of  the  continent  it  has  not  generally  been  sepa^ 
rated  from  the  Upper  Carboniferous. 

*  Kayser,  op.  cit.,  pp.  174-5. 

»Geikie,  Text-book  of  GeoL,  Vol.  II,  4th  ed.,  p.  1056. 
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Climate. 


Most  of  the  data  at  hand  indicate  that  the  climate  of  the  Lower 
Carboniferous  was  essentially  uniform,  and  on  the  whole  both  genial 
and  moist.  The  fossil  plants  and  corals  of  so  northerly  a  land  as  Spitz- 
bergen,  and  the  relations  of  the  fossils  of  arctic  regions  to  those  of 
lower  latitudes,  seem  clearly  to  indicate  that  climatic  conditions  were 
essentially  uniform  in  regions  where  they  are  now  very  diverse. 

The  data  which  seem  to  be  in  discord  with  the  conclusion  that 
the  climate  of  the  period  was  genial,  moist,  and  measurably  imiform 
are  (1)  the  salt  and  gypsum  deposits  of  the  Mississippian  series  in 
Montana,  Michigan  and  Nova  Scotia,  and  the  similar  deposits  in 
western  Australia,  all  of  which  suggest  aridity,  and  (2)  certain  con- 
glomerate formations  (the  Culm)  of  western  Europe.^  The  latter 
have  been  thought  to  suggest  glaciation,  but  the  evidence  does  not 
seem  to  warrant  this  conclusion.  The  testimony  of  the  marine  fos- 
sils continues  to  indicate  rather  uniform  and  genial  conditions.  This 
subject  will  be  touched  on  again,  in  the  more  general  discussion  which 
follows. 

THE  LIFE  OF  THE  MISSISSIPPIAN  (SUBCARBONIFEROUS). 
I.  The  Marine  Faunas. 

Just  as  there  was  no  profound  break  in  the  stratigraphic  progress 
of  the  American  continent  at  the  close  of  the  Devonian,  so  there  was 
no  radical  break  in  the  succession  of  life.  The  Devonian  fauna  passed 
by  gradation  into  the  Mississippian.  It  will  be  recalled  that  the  life 
history  of  the  Devonian  in  North  America  consisted  of  a  series  of  great 
invasions  from  different  quarters,  and  that  the  invaders  and  the  invaded 
mingled  with  one  another  until  at  the  close  there  was  a  notable  approach 
to  a  single  continental  faima.  This  change,  however,  was  not  complete. 
The  life  of  the  Great  Basin  was  still  largely  isolated,  and  there  were 
dependencies  of  the  main  fauna  that  still  retained  provincial  features. 

During  the  opening  stages  of  the  Mississippian  period  there  was 
a  continuation  of  the  movement  from  provincialism  toward  cosmo- 

*  Kalkowsky ,  Ueber  Geroll-Thonschiefer  glacialen  Urspnings  im  Kulm  dee  Franken- 
waldes.     Zeitschr.  der  deutschen  geologischen  Gesellschaft,  1893,  pp.  69-86. 
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politanism.  The  fauna  of  the  first  epoch  in  the  interior  basin,  the 
Kinderhook,  belongs  to  the  provincial  rather  than  to  the  cosmopolitan 
class;  for  east  of  the  Cincinnati  arch  there  was  a  rather  distinct  fauna, 
the  Waverly,  and  in  the  Great  Basin  a  fauna  that  was  largely  Devonian 
in  type  still  lingered  in  measured  isolation,  taking  on  slowly  a  Mississip- 
pian  aspect.  The  Kinderhook  fauna  proper  was  merely  the  leading 
faima  of  the  interior,  occupying  the  great  Mississippian  sea,  and  vary- 
ing from  region  to  region  in  response  to  the  different  physical  condi- 
tions already  mentioned. 

The  Kinderhook  Fauna. 

One  of  the  more  important  features  of  the  evolution  of  the  Kinder- 
hook fauna  was  the  progress  of  the  fishes,  in  which  sharks  were  the 
leaders;  but  it  will  be  more  satisfactory  to  treat  the  fishes  of  the  whole 
period  together  after  the  less  roving  invertebrate  faunas  of  the  several 
epochs  are  considered. 

The  resilience  of  the  crinoideans. — ^The  departure  of  the  Kinder- 
hook faima  from  the  parent  Devonian  fauna  is  shown  markedly  in 
the  evolution  of  the  crinoids,  although,  except  locally,  fossils  of  these 
animals  are  of  rare  occurrence.  They  had  a  very  scant  development 
usually  throughout  the  Devonian,  and  were,  in  general,  quite  subordinate 
to  the  corals;  but  in  the  Mississippian  period  the  relative  importance 
of  these  groups  was  reversed.  The  crinoids  not  only  forged  ahead  in 
numbers,  but  they  took  on  advanced  characters.  The  beginning  of 
this  deployment  took  place  in  the  Kinderhook,  and  it  reached  its 
climax  in  the  next  epoch,  the  Osage,  where  it  will  be  more  fully 
noticed.  Representative  forms  are  shown  in  Fig.  235,  e  and  /.  Several 
genera  of  blastoids  were  present,  all  different  from  those  of  the  Devo- 
nian faunas,  but  they  were  not  as  yet  abimdant,  a  fact  the  more 
notable  because  of  their  remarkable  development  before  the  close  of 
the  Mississippian  period.  The  echinoids  and  asteroids  were  still  less 
abimdant,  a  fact  in  harmony  with  their  very  modest  development 
throughout  the  whole  Paleozoic  era. 

Transition  in  the  aspect  of  the  brachiopods. — ^The  brachiopods  of 
the  Kinderhook  faima  possess  characteristics  transitional  between 
those  of  Devonian  and  Mississippian  types.  Among  them,  the  genus 
Productus  was  conspicuous  (Fig.  235,  o).  The  Kinderhook  species 
may  be  said  to  be  anticipatory  of  the  typical  Mississippian  types, 
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Fig.  235. — ^The  Kinderhook  (Lower  Mississippian")  Fauna.  Gastropoda:  a.  Par- 
cellia  nodosa  Hall,  a  shell  coiled  nearly  symmetrically  in  a  plane;  6,  Slraparollu.^ 
obtv^tLs  Hall,  a  low  spiral  shell;  r,  Macrocheilus  blairi  (M.  and  G.),  a  shell  with 
a  moderately  elevated  spire;  d,  Platyostoma  broadheadi  S.  A.  M.,  one  of  the  capulid 
shells;  all  four  of  these  genera  are  present  in  the  Devonian.  Crinoidca:  e,  Aciino- 
criniLs  senectus  M.  and  G.,  a  camerat«  crinoid  belonging  to  the  family  Actinocrinidoi^ 
all  the  members  of  which  are  peculiarly  Mississippian;  /,  Dichocrinus  inomalus 
W.  and  Sp.,  one  of  the  earliest  crinoids  with  only  two  basal  plates.  No  such 
type  of  crmoid  base  is  known  anywhere  earlier  than  the  Mississippian.  With  the 
Devonian,  crinoids  with  four  basal  plates  disappeared,  and  in  the  Mississippian, 
only  those  with  two  and  three  basalsare  present.  Corah:  g,  Leptopora  placenta 
(White),  a  peculiar  compound  coral  whose  relationships  are  not  well  understood. 
Trilolnte:  h,  Proctus  elUpticus  M.  and  W.  Trilobites  are  rare  in  the  Kinderhook 
and  the  one  here  illustrated  is  a  good  example  of  their  lack  of  ornamentation. 
Cephalopoda:  i,  Muensteroreras  oweni  {HslW) ,  one  of  the  abundant  species  in  the 
famous  Kinderhook  goniatite  l)ed  at  Hockford,  Ind. ;  /,  Prodromitcs  gorhtji  (S.  A.  M.  V 
This  genus  has  a  wide  geographic  di.stribution  in  the  Kinderhook,  and  is  the  earliest 
form  to  show  secAdary  lobing  of  the  sutures.  Brachiopoda:  k,  Spirifer  hiplicatus 
Hall,  a  member  of  the  genus  retaining  a  greatly  elon^te  hinge-line,  a  character 
which  was  pronounced  among  Devonian  members  of  the  genus,  but  not  among 
Mississippian  species;  /,  Spirifer  jnarionensis  Shum.,  a  species  related  to  such 
species  as  S.  dispinctus  of  the  Devonian  (see  Fig.  212,  p.  476)  in  its  plicated  fold 
and  sinus,  but  it  shows  an  advance  in  the  bifurcating  plications  upon  the  sides 
of  the  shell;  rw,  Cyrtina  acutirostris  (Shum.),  a  species  of  a  Devonian  genus,  no 
members  of  which  persist  beyond  the  lower  Mississippian;  n,  Productella  pyxidata 
Ilall,  a  representative  of  a  genus  which  had  its  great  development  in  the  later  De- 
vonian, only  a  few  forms  being  present  in  the  Mississippian;  o,  Productus  arcuatus 
Hall;  the  genus  Productus  is  an  outgrowth  from  the  earlier  Productella,  and  is 
peculiarly  ^aracteristic  of  the  Mississippian,  Carboniferous,  and  Permian  faunas; 
p,  Paraphorhynchus  striatocostatuji  (M.  and  W.).  A  striated  rhynchonelloid  shell 
characteristic  of  the  lower  Kinderhook  horizons  of  Iowa,  northern  Missouri  and 

[Continued  on  bottom  of  p.  Sit.] 
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but  at  the  same  time  they  retained  many  Devonian  features.  Not  a 
few  Devonian  species  may  be  named  as  the  probable  direct  ancestors 
of  Kinderhook  species,  as,  for  example,  Cyrtina  hamiUonensiSy  as  the 
parent  of  C  acutirostris  (Fig.  235,  m) ;  Spirifer  disjunctusj  of  S.  mari- 
onensis  (Fig.  235,  l);  Athyris  spiriferoides,  of  A,  hannibalensis,  A  few 
species  believed  to  be  identical  with  Devonian  forms  were  also  present; 
indefed  the  Devonian  resemblances  (see  Fig.  235,  k)  are  so  strong  that 
the  earlier  paleontologists  referred  the  Kinderhook  to  the  Devonian, 
classing  it  with  the  Chemung. 

Other  features. — ^The  molluscan  contingent  was  prominent  in  the 
Kinderhook  faunas.  The  pelecypods  alone  have  a  larger  number  of 
species  than  either  the  echinoderms  or  brachiopods.  They  are  especi- 
ally abundant  in  some  of  the  arenaceous  beds  (Fig.  235,  q,  r,  and  s). 
Among  them  are  species  indistinguishable  from  those  of  the  Waverly 
fauna  that  inhabited  the  gulf  east  of  the  Cincinnati  island.  The  gas- 
tropods were  less  abundant,  but  among  them  the  capulids,  a  group 
that  was  conspicuous  among  the  gastropods  of  most  Devonian  epochs 
were  the  most  common  (Fig.  235,  a,  6,  c,  and  d).  The  chief  repre- 
sentatives of  the  cephalopods  were  the  goniatites  (Fig.  235,  i  and  ;), 
and  although  they  are  generally  rare,  they  show,  in  the  genus  Prodro- 
miles,  a  notable  advance  over  any  of  their  known  Devonian  ancestors^ 
in  the  more  highly  complicated  lobing  of  the  suture.  Trilobites  were 
few  and  small  (Fig.  235,  A)..  Their  high  stage  of  ornamentation  had 
passed,  the  day  of  their  final  disappearance  was  drawing  near,  and 
they  assumed  a  sober  and  subdued  aspect.  The  corals  (Fig.  235,  g), 
though  less  abundant  than  in  the  preceding  epochs,  were  represented 
by  a  considerable  number  of  forms,  among  which  the  cup-shaped  type 
was  most  conmion. 

Though  without  striking  characteristics,  the  fauna  represented 
a  notable  stage  in  the  evolution  of  distinctive  Mi^ssippian  features. 
It  was  essentially  indigenous,  and  may  be  regarded  as  a  transition 
stage  from  the  late  Devonian  to  the  typical  Mississippian  fauna  repre- 
sented in  the  following  epochs. 


northern  Illinois.  Pelecifpoda:  q,  Mncrodon  missouriensis  (M.  and  G.);  and  r^Graw- 
niysia  hnnnibalensvt  (Shum.),  both  of  which  have  close  Devonian  relationships; 
s,  Pemopecten  cooperensis  (Shum.),  a  species  very  characteristic  of  certain  of  the 
higher  horizons  in  the  Kinderhook.  Vertebrala:  t,  Tooth  of  Cladodus  springeri 
St.  J.  and  W.;  and  u,  Tooth  of  Pristicladodus  springeri,  St.  J.  aiih  W.,  the  sharp 
cutting  teeth  of  sharks;  r,  spine  of  Acandylacanihus  gracilis  St.  J.  and  W. 
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The  Osage  Fauna. 

The  physical  conditions  of  the  Osage  epoch  present  the  key  to 
the  character  of  its  fauna.  Its  extended  shallow  sea,  relatively  free 
from  silt,  afforded  a  rich  and  expansive  field  for  the  climacteric  evo- 
lution of  the  varied  assemblage  of  forms  that  had  come  together  in 
the  preceding  epochs  imder  less  favorable  conditions.  There  is  evi- 
dence also  of  rather  free  migratory  communication  with  the  Eurasian 
continent  by  one  of  the  northerly  routes,  since  many  species,  or  closely 
allied  species,  were  common  to  the  faunas  of  America  and  Europe. 
Between  an  expanding  field  for  home  development,  and  fair  facilities 
for  inmiigration  and  emigration,  the  conditions  were  ripe  for  notable 
evolution.  In  the  main  it  was  an  indigenous  evolution,  but  the  migra- 
tory factor  gave  it  a  pronounced  cosmopolitan  aspect. 

The  climax  of  the  crinoids. — ^No  single  group  so  well  characterizes 
the  fauna  and  expresses  its  dependence  on  physical  conditions  as  the 
crinoids,  whose  abimdance  and  diversity  were  pronoimced  (Fig.  236, 
a-i).  The  great  order  of  camerate  or  "box"  crmoids  (Camerata) 
now  reached  the  climax  of  its  career.  This  was  the  second  climax 
in  the  career  of  these  crinoids,  and  perhaps  the  greatest.  Their  curve 
is  shown  in  Fig.  237,  in  which  the  curve  of  the  camerate  genera  is  super- 
posed on  the  composite  genera  curve,  to  show  the  special  evolution  of 
the  camerates.  •  The  rapid  decline  of  the  crinoids,  almost  to  extinction, 
after  this  climax,  as  shown  by  the  cur\^e  at  the  right,  is  one  of  the  most 
remarkable  incidents  in  the  life  history  of  the  invertebrates,  and, 
in  view  of  their  interesting  and  beautiful  forms,  one  to  be  regretted. 
But  in  the  day  of  their  glory  their  fecundity  was  remarkable,  as 
suggested  by  the  fact  that  a  single  genus  (Batocrinus)  deployed  into 
more  than  a  hundred  species  (Fig.  236,  d).  Certain  genera,  especially 
Platycrinus  (Fig.  236,  /  and  g),  Aciinocrinus,  and  Dorycrinus,  were 
distinguished  for  their  curiously  diversified  and  ornamented  forms. 
The  ornamentation  of  the  crinoids  at  this  time  reached  some  such 
remarkable  degree  as  was  attained  by  the  trilobites  just  previous  to 
their  final  decadence,  and  seems  to  have  much  the  same  suggestiveness 
as  to  the  relations  of  climax,  ornamentation,  and  downfall,  a  relation- 
ship that  singularly  enough  obtains  in  human  history.  WTiether 
the  decline  and  downfall  in  the  two  cases  were  from  similar  or  different 
causes  we  cannot  here  inquire.     The  ornamentation  of  the  crinoids 
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is  observable  in  all  of  the  more  prominent  families,  and  seems  to  be 
a  clear  case  of  parallel  evolution.  The  ornamentation  was  effected  by 
the  development  of  surface  ridgings,  nodes,  spinas,  and  other  out- 
growths from  the  plates.^  It  is  even  possible  to  re<5ognize  a  distinct 
advance  in  the  ornamentation  during  the  progress  of  the  epoch.  In 
the  earlier  (Burlington)  stage  the  crinoids  were  usually  smaller  and 
more  delicately  ornamented  than  in  the  later  (Keokuk)  stage,  when 
they  attained  larger  sizes,  assumed  broader  features,  and  took  on 
more  extravagant  ornamentation.  The  meaning  of  all  this  is  not 
clear,  but  the  repetition  of  this  singular  phenomenon  at  different  times, 
and  in  quite  different  groups  of  organisms,  is  worthy  of  notice  and 
thought. 

The  crinoids  made  large  contributions  to  the  limestones,  the  char- 
acteristic deposit  of  the  epoch,  the  "encrinital  limestone "  taldng  its 
name  from  the  numerous  plates  and  stems  which  make  up  much  of 
its  substance. 

The  distant  kin  of  the  crinoids  were  not  equally  affected  by  the 
conditions  of  the  epoch,  although  the  blastoids  were  represented  by 
a  greater  variety  of  forms  than  at  any  other  period  in  their  history. 
The  starfishes,  though  present,  did  not  appreciably  depart  from  the 
slow  development  that  had  been  their  habit  for  ages,  and  much  the 
same  is  to  be  said  of  the  brittle  stars  that  were  even  less  common. 
The  echinoids  showed  a  slightly  greater  movement,  and  left  a  record 
of  about  a  score  of  species. 

The  scantiness  of  the  corals. — It  is  a  matter  of  surprise  that  the 
corals  had  so  small  a  place  in  this  faima,  in  view  of  the  general  physical 
conditions  which  were  apparently  favorable,  though  there  may  have 
been  depths  or  temperatures  uncongenial  to  them  (Fig.  236,  u), 
Crinoids  are  less  narrowly  circumscribed  in  these  respects  than  corals. 
It  is  more  likely,  however,  that  the  explanation  lies  in  organic  con- 
ditions, perhaps  in  the  state  of  the  corals  themselves,  perhaps  in  unre- 
corded enemies,  parasitic  or  otherwise,  or  perhaps  in  the  pre-occupation 
and  rivalry  of  the  crinoids. 

Other  features. — The  brachiopods,  as  usual,  held  a  leading  place 

*  Admirable  illustrations  may  be  found  in  the  Monograph  of  Wachsmuth  and 
Springer  on  "North  American  Crinoidea  Camerata,"  Mem.  Mus.  Comp.  ZooL,  Vols. 
20-21,  and  also  in  the  state  reports  of  Iowa,  Illinois,  and  Ohio,  especially  Geol.  Surv. 
Dl.  Vol.  5. 
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Fig.  236. — The   Osage  (Middle  Mlssissippian)   Fauna.        (See  opposite  page  for 

explanation  of  figure.) 
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in  the  fauna,  and  some  of  their  species  had  a  wide  geographic  range, 
extending  to  the  eastern  continents.  Some  of  the  typical  forms 
are  illustrated  in  Fig.  236,  l-t.  The  molluscan  factor  was  subordinate. 
A  few  wiQged  pelecypods,  a  few  capulid  gastropods,  an  occasional 
pteropod,  and  an  even  rarer  cephalopod,  make  up  the  poor  repre- 
sentation of  this  class.  The  low  estate  of  the  cephalopods,  so  promi- 
nent earlier,  and  to  be  so  again  later,  is  very  notable.  They  were 
represented  chiefly  by  the  Nautilus  family. 

There  were  a  few  lingering  trilobites  and  some  other  crustaceans, 
a  quite  ample  growth  of  bryozoans  of  much  interest,  some  supposed 
sponges  (Fig.  236,  v  and  w),  and  doubtless  the  less  easily  fossilized 


Explanation  of  Fiq.  236. — Crinoidea:  o,  Barycrinus  hoveyi  Hall,  one  of  the 
fistulate,  inadimate  crinoids,  note  the  persistence  of  the  uniserial  ann  struc- 
ture; bf  Dorycrinus  missouriensis  (Shum.),  a  camerate  crinoid  of  the  family 
BatocrinidsT ;  note  the  peculiar  development  of  the  basal  plates  and  the 
spinose  plates  of  the  vault;  c,  Farbesiocnnus  toortheni  Hall,  one  of  the  flexi- 
ble crinoids;  d,  Lobocrinus  longirostris ,  (Hall),  one  of  the  BatocrinidsD,  showing 
the  extravagant  development  of  the  anal  tube;  the  arms  are  removed;  c,  Syn- 
bathocrinus  wortheni  Hall,  one  of  the  larviform  inadunate  crinoids;  note  the  small 
cup  and  the  simple,  uniserial  arms;  /,  Platycrintis  verrucosus  White,  and  g,  Platy- 
crinus  gorbyi  S  A.  M.;  Platycrinus  is  one  of  the  conspicuous  Osage  genera;  these 
two  fijfures  show  different  types  of  ornamentation;  h,  Actinocrinus  hbatus  Hall;  note 
the  high  degree  of  ornamentation  of  the  plates;  i,  Eretmocrinus  remibrachiatus 
(Hall),  a  representative  of  a  genus  of  the  Batocrinidce  characterized  by  the  peculiar 
spatulate  arms.  Blastoidea:  j,  Orophocrinus  stelliformis  (O.  and  S.),  one  of  the 
lower  Osage  blastoids.  Echin&idea:  k,  OUgoporus  mutaixis  Keyes.  All  of  the 
Pakeechinmdea  to  which  sub-class  all  Mississippian  and  Carboniferous  sea  urchins 
belong,  have  more  than  two  rows  of  plates  in  each  ambulacral  and  interambulacral 
area.  Brachiopoda:  i,  Syringothyris  subcusjndatus  (Hall);  the  senus  of  which 
this  is  a  representative  is  an  offshoot  from  Spirifer,  characteristic  of  tne  Mississippian 
faunas:  it  is  characterized  by  its  high  area,  punctata  shell  structure,  and  a  pecu- 
liar tuoe  between  the  dental  plates;  m,  Spirifer  logani  Hall,  the  American  repre- 
sentative of  the  Spirifer  striatus  of  the  European  Mountain  Limestone  fauna; 
note  the  large  size,  the  completely  plicated  shell,  with  the  plications  bifurcating 
on  both  the  fold  and  on  the  sides  of  the  shell.  The  surface  is  marked  by  very 
fine  striae  not  shown  in  the  figure;  n,  Spirifer  siiborbicularis  Hall,  another  type 
of  spirifer,  closely  allied  species  of  which  occur  in  America  and  Europe;  o,  Retvc- 
ularia  pseudolineata  (Hall),  one  of  the  spire-bearing  brachiopods  having  a  closely 
allied  species  in  the  European  Mountain  Limestone  fauna;  p,  Athyris  lamellosa 
L'Eveilie,  a  species  which  occurs  both  in  America  and  in  Europe;  y,  Producius 
burlingtaneiisis  Hall,  one  of  the  species  of  this  peculiarly  Mississippian,  Car- 
boniferous and  Permian  senus,  which  occurs  abunaantly  in  the  lower  Osage;  r. 
Lej^ama  rhomboidalis'WiilcK,  a  species  which  has  persisted  from  Ordovician  times,  ana 
which  appears  for  the  last  time  in  the  Osage  fauna;  s,  RhipidcmeUa  burlingtonensis 
(Hall),  and  t,  Schizaphoria  swaUovi  Hall,  two  species  which  are  among  the  last 
representatives  of  the  orthids,  a  family  whose  great  development  was  in  the  Ordo- 
vician; both  species  have  near  relatives  in  the  European  Mountain  Limestone 
faunas.  Coral:  u,  Zaphrentis  centralis  E.  and  H.,  the  most  characteristic  coral 
of  the  Osase  faunas.  Sponge:  v~w,  PalcBacis  obtusum  M.  and  W.  The  exact  nature 
of  this  fossu  is  not  well  understood.  It  is  usually  placed  with  the  sponges,  although 
by  some  it  is  included  with  the  corals.     (Weller.) 
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forms   necessary   to   make   up   a   self-«iistaining   assemblage.    There 
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Fig.  237. — ^The  two  upper  ounces  in  this  diagram,  shown  in  the  Paleozoic  periods, 
and  their  continuation  in  the  Mesozoic,  constitute  the  evolution  curve  of  the  entire 
class,  Crinoidea.  The  two  lower  curves  in  the  Paleozoic  periods  represent  the 
evolution  curve  of  the  order  Camerata  of  the  class  Crinoidea,  the  order  becoming 
extinct  just  before  the  close  of  the  Paleozoic.  The  discontinuity  of  the  lines  across 
the  Permian  column,  P,  represents  the  imperfection  of  our  knowledge  of  the  Permian 
faunas,  and  not  that  the  crinoids  became  extinct  in  the  Pennsylvanian,  C,  to  reap- 
pear in  the  Trias.  In  all  the  curves,  the  dotted  line  represents  the  number  of 
new  genera  initiated,  and  the  full  line  the  total  number  of  genera  present,  the 
difference  between  the  two  representing  the  number  of  genera  which  passed  over 
from  the  preceding  period.  The  data  Tor  the  cur\'es  have  l^ecn  compiled  from  the 
publications  of  Wacnsmuth  and  Springer. 

was  beyond  doubt  an  ample  marine  flora,  but  it  made  only  a  feeble^ 
obscure  record. 

The  Waverly  Fauna. 

Contemporaneous  with  the  evolution  of  life  in  the  successive  Kinder- 
hook  and  Osage  seas,  there  was  a  rather  more  provincial  development 
in  the  gulf  east  of  the  Cincinnati  axis.  There  was  no  definite  barrier 
between  the  gulf  and  the  sea  on  the  west,  but,  owing  partly  to  the 
partial  separation  and  more  perhaps  to  the  physical  conditions,  the 
fauna  in  the  Waverly  gulf  was  sufficiently  distinct  to  warrant  separate 
recognition. 

The  Waverly  fauna  was  characterized  negatively  by  the  rarity 
of  both  corals  and  crinoids,  the  apparent  reason  being  their  depend- 
dence  on  clear  seas.  To  this  there  was  one  notable  exception.  At 
Richfield,  Ohio,  there  flourished  a  crinoid  field  occupied  by  the  species 
of  several  genera.  These  genera  were  also  represented  in  the  Osage 
sea  to  the  west,  but  the  species  there  were  wholly  different.     Appa- 
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rently  a  colony  of  their  common  ancestors  had  established  itself  at 
this  locality,  perhaps  in  late  Devonian  times,  and,  finding  it  free  from 
the  hostile  conditions  prevalent  in  the  region,  flourished  in  isolation 
for  a  period  sufliciently  long  to  differentiate  species  of  its  own,  after 
which  it  died  out. 

As  might  be  anticipated  from  the  silty  conditions,  the  pelecypods 
were  the  most  prominent  feature  of  the  fauna.  Many  of  them  were 
of  the  same  species  as  the  previous  occupants  of  the  region  in  the  closing 
Devonian  times,  showing  again  the  close  relations  of  the  two  periods. 
The  other  moUusks  were  relatively  less  abimdant.  Brachiopods 
were  numerous  and  resembled  those  of  the  contemporaneous  Kinder- 
hook  and  Osage  faimas;  but  they  were,  on  the  whole,  rather  less  differ- 
entiated from  the  ancestral  Devonian  forms,  doubtless  because  the 
change  in  their  environment  had  been  less  notable.  The  other  forms 
were  not  very  different  from  those  of  the  more  open  sea  to  the 
westward. 

The  Waverly  fauna  was  the  direct  descendant  of  the  Devonian 
faunas  that  had  occupied  the  same  ground  and  had  changed  but 
slowly,  as  the  environment  remained  nearly  constant.  It  was  modified 
by  some  inmiigration  of  the  Kinderhook  and  Osage  types,  and  this, 
combined  with  its  own  conservative  progress,  caused  it  to  take  on 
gradually  a  Mississippian  aspect,  while  it  retained  many  Devonian 
characteristics.  It  is  a  good  illustration  of  a  lingering  faxma  where 
the  conditions  are  conservative,  though  not  so  good  an  illustration 
as  the  next  fauna. 

The  Great  Basin  Fauna, 

It  will  be  recalled  that  in  Devonian  times  the  Great  Basin  was  a 
pro\dnce  by  itself,  in  which  a  slow  faunal  development  of  provincial 
aspect,  only  slightly  modified  by  foreign  contributions,  took  place. 
At  the  horizon  rather  arbitrarily  fixed  upon  as  the  upper  limit  of  the 
Devonian  system,  there  appears  to  have  been  no  faunal  break.  It  is 
necessary  to  speak  with  some  reservation,  for  the  region  has  not  yet 
been  thoroughly  worked,  paleontologically.  The  transition  to  the 
Mississippian  facies  seems  to  have  taken  place  very  gradually,  through 
the  progressive  evolution  of  some  forms,  the  elimination  of  others, 
and  the  immigration  of  a  few  from  westerly  sources,  but,  until  after 
the  Osage  epoch,  rarely  from  easterly  sources,  so  far  as  now  known. 
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This  distinctive  phase  of  the  Great  Basin  fauna  was  contemporaneous 
with  the  Kinderhook  and  Osage  faunas  of  the  interior  sea,  and  at  the 
close  of  the  Osage  epoch  it  united  with  the  latter  to  form  the  Genevdeve 
(St.  Louis-Kaskaskian)  fauna. 

Previous  to  this  union,  one  of  the  most  saUent  distinctions  between 
the  Great  Basin  fauna  and  the  Osage  fauna  was  the  rarity  of  crinoids 
in  the  former.  Although  the  Osage  sea  stretched  westward  to  tlie 
foot  of  the  ancestral  Rocky  Mountains,  and  was  prolific  in  crinoids, 
they  do  not  seem  to  have  invaded  the  Great  Basin  sea,  one  of  the 
facts  which  point  to  the  distinctness  of  the  two  provinces.  Brachio- 
pods  were  abundant  in  both  proAdnces,  but  the  species  were  difTerent. 
The  large  spirifers  of  the  type  of  Spirifer  striatus  (compare  Fig.  236,  m), 
so  characteristic  of  the  Osage  fauna  and  of  the  "mountain  limestone" 
of  Europe,  as  well  as  other  typical  forms,  were  absent.  On  the  other 
hand,  there  had  arisen,  imder  the  genus  Productus,  probably  by  par- 
allel evolution,  species  closely  allied  to  some  found  in  the  Osage  fatma, 
implying  that  the  Great  Basin  fauna  was  taking  part,  in  a  conserva- 
tive way,  in  the  Mississippian  progress.  Were  it  not  for  such  forms 
of  Mississippian  aspect,  and  the  evidence  that  developed  when  the 
two  faunas  conmiingled,  the  Great  Basin  faima  might  be  thought 
to  be  Devonian,  for  there  remained  many  species  of  marked  Devonian 
aspect.  Among  these  was  Leiorhynchtts  quadricostatiis,  known  at  the 
east  only  in  Hamilton  beds,  but  in  the  Great  Basin  found  to  commingle 
in  the  upper  horizons  with  Mississippian  types.  ProducteUa,  a  Devo- 
nian type,  was  still  living  in  the  Great  Basin,  although  it  had  disap- 
peared from  the  interior  after  the  Kinderhook  epoch  (Fig.  235,  n). 
Numerous  other  species  of  Devonian  aspect  were  associated  with  forms 
of  Mississippian  aspect. 

Judging  from  present  knowledge,  the  pelecypods  were  even  more 
abundant  than  the  brachiopods,  another  point  of  contrast  with  the 
Osage  fauna.  The  pelecypod  species  seem  to  have  been  peculiar  to 
the  Great  Basin  sea,  and  doubtless  originated  there,  and  later  became 
extinct  without  migration.  There  were  also  many  gastropods,  among 
which  were  air-breathers  {Physa  prisca  and  Zaptychius  carbonaria), 
the  oldest  aquatic  pulmonates  known.  Terrestrial  puhnonates,  theo- 
retically evolved  from  aquatic  pulmonates,  have,  however,  been  de- 
scribed from  Devonian  strata.  Cephalopods  were  not  abundant,  and 
no  goniatites  have  thus  far  been  found  among  them.    Trilobites  were 
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about  as  rare  as  in  the  eastern  fauna,  and  of  the  same  genera.  Corals 
were  present  in  some  abundance,  the  horn-shaped  type  predominating. 
No  bryozoans  have  been  reported,  nor  have  any  fishes  been  described. 
Unless  this  be  due  to  the  imperfection  of  the  record,  or  of  present 
investigation,  it  adds  much  to  the  evidence  of  the  distinctness  of  the 
province,  for  fish  abounded  in  the  eastern  sea,  and  they  are  free-moving 
forms  of  migratory  habits. 

As  remarked  in  the  physical  discussion,  the  barrier  which  enforced 
the  distinctness  of  the  Great  Basin  and  the  Kinderhook-Osage  seas 
appears  to  have  been  an  elongated  insular  tract  lying  about  where 
the  Rocky  Mountains  (not  then  elevated)  now  stand.  The  yielding  of 
this  barrier  about  the  close  of  the  Osage  epoch,  by  erosion  or  sub- 
mergence, permitted  this  singular  semi-Devonian,  semi-Mississippian 
fauna  to  invade  the  greater  eastern  sea,  and,  commingling  and  com- 
bating with  the  Osage  fauna,  to  initiate  a  new  fauna,  the  Genevieve, 
the  closing  fauna  of  the  Mississippian  period  in  the  interior.  It 
flourished  while  the  St.  Louis  and  Kaskaskia  formations  were  being 
deposited. 

The  Genevieve  {St,  Louis-Kaskaskia)  Fauna. 

As  remarked  in  the  physical  discussion,  the  St.  Louis  formation 
marks  the  stage  of  maximimi  sea-extension  in  the  interior  of  North 
America,  and  the  Kaskaskia  deposits  the  inauguration  of  a  restrictive 
movement.  The  Genevieve  faima,  representing  the  two  stages,  may 
be  regarded  as  the  culmination  of  the  cosmopolitan  evolution  of  the 
Mississippian  life  on  the  North  American  continent,  and  the  initia- 
tion of  its  decline.  The  commingling  of  the  Great  Basin  and  the 
Osage  faunas  was  the  most  declared  feature.  It  introduced  into  the 
maui  Mississippian  sea  what  seemed  to  be  a  retrograde  feature,  although 
it  was  a  part  of  the  progressive  movement  toward  a  more  cosmopolitan 
fauna.  Species  of  a  Devonian  aspect  that  had  lived  along  conserva- 
tively in  the  isolated  Great  Basin  province,  migrated  eastward,  and 
were  found  among  species  whose  evolution  had  reached  an  advanced 
Mississippian  phase.  The  faimal  average  seemed  to  be  set  backwards. 
Among  these  were  several  productellas,  and  Leiorhynchics  quadricosiatuSy 
previously  mentioned  as  lingering  Devonian  forms  in  the  Great  Basin 
fauna.    That  these  really  came  from  the  west  seems  to  be  confirmed 
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by  the  presence  with  them,  as  far  east  as  Arkansas,  of  Rhynchonelh 
eurekensisj  a  peculiar  and  distinctive  Nevada  species.^ 

The  decline  of  the  crinoids. — ^Either  the  invaders,  or  else  changes 
in  the  physical  or  organic  conditions,  influenced  adversely  the  crinoids, 
for,  although  they  still  formed  a  large  factor  in  the  assemblage,  they 
had  fallen  off  much  from  their  abundance  in  the  Osage  faima,  and 
had  undergone  notable  changes  of  form  (Fig.  238,  a-€).  Less  than 
25  species  of  camerate  crinoids  are  known  in  the  entire  Genevieve 
faima,  as  compared  with  upwards  of  300  in  the  Osage.  Among  these 
no  Osage  species  persisted,  and  in  the  faunas  yoimger  than  those  of 
the  St.  Louis  limestone,  not  even  an  Osage  genus.  The  inadunate 
and  flexible  crinoids,  however,  did  not  show  so  remarkable  a  decline. 
Among  the  crinoids  some  new  and  curious  forms  were  developed, 
among  which  may  be  mentioned  Agassizocrinus  (Fig.  238,  a),  Ptero- 
tocrinus  (Fig.  238,  c),  and  Acrocrinus  (Fig.  238,  6). 

The  culmination  of  the  blastoids. — The  blastoids  had  their  climax 
here  so  far  as  numbers  of  individuals  are  concerned,  although  there 
was  much  greater  generic  diversity  in  the  Osage  faunas.  The  leading 
genus,  Pentremites  (Fig.  238,  d),  was  so  prolific  in  individuals  in  some 
beds  as  to  give  rise  to  the  name  Pentremital  limestone.  A  swift  decline 
seems  to  have  followed  this  sudden  climax,  and  the  beautiful  forms 
disappeared  for  reasons  quite  unknown. 

The  last  of  the  known  cystids,  a  species  of  the  peculiar,  horizon- 
tally flattened,  disk-like  Agdacrinxdae,  a  family  w^hich  had  persisted 
from  the  Ordovician  period,  was  a  member  of  this  fauna. 

Echinoids  were  present,  among  them  an  ample  rotund  form  sug- 
gestively named  Mehnites,  and  resembling  the  Oligoparus  (Fig.  236,  k) 
of  the  Osage  epoch.  Although  the  echinoids  had  appeared  much 
earlier,  it  was  in  the  Osage  and  Genevieve  faunas  that  they  for  the 
first  time  showed  signs  of  the  prominent  development  they  were  to 
attain  later. 

Partial  recovery  of  the  corals. — ^The  corals  seem  to  have  profited 
by  the  decline  of  their  rivals,  the  crinoids,  or  by  other  conditions,  for 
they  were  more  numerous  than  in  the  Osage  fauna.  A  compound 
coral,  growing  to  great  size,  Lithostrotion  canadense,  became  con- 
spicuous in  the  St.  Louis  limestone  at  some  localities.  Aside  from 
this,  however,  the  simple  horn-shaped  forms  remained  the  most  common. 

»  Williams:  Am.  Jour.  Sci.,  Vol.  XLIX.  p.  94. 
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New  devices  of  the  bryozoans. — ^The  reticulate  bryozoans  made 
a  new  departure  in  their  mode  of  support.  The  delicate  branches 
of  their  colonies  cannot  extend  themselves  indefinitely  without  special 
means  of  support.  As  one  mode  of  securing  this  support,  the  genus 
Lyropora  secreted  a  U-shaped  calcareous  base,  upon  the  inner  con- 
cave surface  of  which  the  rest  of  the  colony  spread  itself.  As  another 
and  more  successful  mode,  the  genus  Archimedes  (Fig.  238,  9),  which 
made  its  first  appearance  in  the  Osage,  secreted  an  axis  with  a  spiral 
flange  upon  which  the  colony  spread  itself,  producing  a  unique  form 
whose  slight  resemblance  to  Archimedes'  screw  has  given  it  name. 
The  Archimedes  became  so  abundant  in  the  Kaskaskia  epoch  that 
some  beds  of  the  Kaskaskia  formations  are  known  as  the  Archimedes 
limestone,  or  account  of  the  great  abundance  of  the  axes  of  this  genus. 

The  protozoans  make  a  record. — For  the  first  time  there  is  clear 
evidence  that  the  protozoans  were  an  important  factor  in  the  fauna. 
It  is  not  to  be  understood  that  they  were  not  really  a  vital  element 
before,  for  theoretically  there  is  good  reason  to  believe  that  they  had 
long  been  abundant;  but  they  now  record  themselves  in  a  so-called 
oolitic  limestone  in  the  St.  Louis  formation,  certain  layers  of  which 
are  almost  wholly  composed  of  a  foraminiferal  shell,  Endothyra  baileyi 
(Fig.  238,  X  and  y).  On  account  of  their  globular  form,  the  shells  of 
this  genus  have  been  mistaken  for  oolitic  concretions,  and  have  given 
a  misleading  name  to  the  formation. 

Changes  in  the  brachiopods. — ^A  notable  modification  in  the  aspect 
of  the  brachiopods  took  place  (Fig.  238,  g-p).  The  large  spirifers 
of  the  stridtus  type  disappeared,  though  some  small  spirifers  remained 
(Fig.  238,  j),  while  Productus  (Fig.  238,  g  and  h)  continued  to  be  very 
abundant  and  characteristic.  Seminida  (Fig.  238,  Z),  Eumetria  (Fig.  238, 
m),  and  Spiriferina  (Fig.  238,  k)  were  well  represented.  An  odd  fea- 
ture was  the  diminutive  size  of  the  brachiopods,  as  well  as  of  all  other 
fornis,  in  the  Spergen  Hill  fauna  of  the  Bedford  limestone  of  Indiana, 
although  they  were  remarkably  abundant.  The  associated  fossils 
of  other  kinds  were  also  diminutive,  impl3dng  general  pauperizing 
conditions  of  some  sort,  for  the  species  seem  to  be  identical  with  those 
that  grew  larger  elsewhere.  It  is  not  improbable  that  this  limestone 
was  deposited  in  a  partially  isolated  body  of  water  that  was  so  highly 
charged  with  lime  and  other  salts  as  to  be  somewhat  imfavorable  to 
life.     A  similar  diminutive  fauna  is  recorded  from  Idaho. 
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Fig.  238. — The  Genevieve  (Upper  Mississippian)  Fauna.  Crirundea:  a,  Aga^sizo- 
crinus  dactylifarmis  Shura.,  one  of  the  inadunate  crinoids  which  has  lost  its  stem 
and  become  a  free  swimming  creature,  at  least  in  its  adult  condition;  6,  Acro- 
crinus  a?nphora,  W.  and  Sp.,  a  peculiarly  specialized  camerate  crinoid  with  a  laree 
number  of  supplementary  plates  introduced  between  the  basal  and  radials.  It 
has  but  two  basal  plates,  not  shown  in  the  figure.  This  genus  occurs  in  the  Genevieve 
and  in  the  Carboniferous,  being  the  only  genus  of  camerate  crinoids  crossing  this 
line;  c,  Pterotocrinus  hijurcaius  Weth.  This  genus  is  restricted  to  the  Gene\'ieve 
faunas.  It  is  a  camerate  crinoid  with  two  basals,  and  possesses  five  remarkable 
spines  developed  from  the  ventral  surface  and  produced  beyond  the  arms.  Bias- 
toidea:  dy  Pentremites  robustus  Lyon.  Many  species  of  this  genus  are  known  in 
the  Genevieve  faunas,  some  species  being  represented  by  innumerable  indi\  iduals 
Cephalopoda:  e,  Orthoceras  annulato-cosiatum  M.  and  W.,  one  of  the  more  ancient 
straight  cephalopods,  occasional  species  of  which  persisted  to  the  close  of  the 
Paleozoic;  /,  Goniatites  kentiwkiensis  S.  A.  M.,  a  notable  feature  of  the  Genevieve 
faunas  is  the  recurrence  of  the  goniatites  after  their  absence  from  the  Osage  faunas. 
Brachiopoda:  g,  Productus  tnarginicinctus  Prout,  and  /i,  Producius  fa^ciculatu,^ 
McCh.,  two  of  the  numerous  species  of  this  genus  which  constitutes  a  conspicu- 
ous element  in  the  Genevieve  fauna;  t,  Mariinia  glabra  M.  and  W.,  one  of  the 
brachiopods  having  much  closer  relatives  in  the  Devonian  than  in  the  Osage  faunas; 
J,  Spirifer  increbescens  Hall,  one  of  the  most  characteristic  sptecics  of  the  later 
Genevieve  faunas;  A;,  Spiriferina  spinoaa  (N.  and  P.),  a  representative  of  a  gen  its 
which  was  an  outgrowth  from  Spirifer,  and  has  its  greatest  development  in  the 
Genevieve  and  Carboniferous  faunas.  It  is  characterized  by  ite  punctata  shell 
structure;  I,  Seminula  subquadrala  (Hall),  a  species  which  has  no  near  ally  in 
the  earlier  faunas,  but  is  closely  related  to  later  (;arboniferous  species;  tw,  Euwetria 
marcyi  (Shum.),  a  representative  of  a  genus  which  is  abundant  in  the  Genevie\e 
faunas  and  which  was  also  present  in  the  Kinderhook,  but  absent  from  the  Osage 
faunas  until  near  the  close  of  that  epoch*  n,  Leiorhynchus  quadricostatum  (\*an  ». 
a  sp)ecies  common  in  some  portions  of  tne  eastern  Hamilton  faunas,  but  ab^nt 
from  the  Mississippian  sea  during  later  Devonian,  Kinderhook,  and  Osage  time 
It  persisted  in  the  Great  Basin  region  and  reappeared  in  the  interior  near  Batet*- 
ville,  Arkansas,  in  a  limestone  of  the  age  of  tne  St.  Louis  limestone;  o  and  ;>. 
Rhi/nchonella  eurekensis  Wale,  a  peculiar  Great  Basin  species  which  occurs  witli 
Leiorhynchxis  quadricostatum  near  Batesville,  Arkansas.     Bryotoa:    q,  Archirrndts 

[Continued  on  bottom  of  p,  SS3,] 
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The  Mollusks. — The  pelecypods  (Fig.  238,  r-t)  were  rather  abundant, 
and  in  some  of  the  sandy  and  silty  beds  were  the  predominant  forms. 
Some  of  them  still  retained  a  Devonian  aspect,  and  those  in  the  Indiana 
foraminiferal  (Bedford)  limestone  were  diminutive,  like  the  brachio- 
pods  of  that  formation.  The  gastropods  (Fig.  238,  u-^v)  were  more 
diversified  than  in  the  Osage  fauna,  and  some  Devonian  genera  which 
had  apparently  been  absent  from  the  Osage  reappeared.  The  cephalo- 
pods  (Fig.  238,  e  and  /)  also  became  more  abundant  than  they  had 
been  in  the  Osage.  The  goniatites  reappear  in  several  species.  Pos- 
sibly these  and  some  of  the  other  mollusks  of  Devonian  aspect  which 
reappeared  in  the  territory  from  which  they  had  been  absent  during 
the  Osage  epoch  came  in  from  the  Waverly  gulf  on  the  ea^st,  and  not 
from  the  Great  Basin  sea  from  which  the  Devonian  forms  previously 
mentioned  quite  certainly  came.  Both  of  the  relatively  isolated 
bodies  of  water  appear  to  have  fostered  a  less  rapid  evolution  than 
the  more  open  sea  between  them  with  its  foreign  connections  and 
cosmopolitan  relations.  This  accords  with  a  general  principle  in 
history. 

Other  forms. — Trilobites  were  almost  unknown,  and  the  other 
crustaceans  left  an  unimportant  record.  The  sharks  and  other  fish 
were  important  and  will  be  considered  presently. 

The  most  striking  peculiarity  of  the  fauna,  it  may  be  repeated, 
resulted  from  the  invasion  of  the  more  conservative  fauna  of  Devonian 
aspect  from  the  Great  Basin  sea,  and  perhaps  from  a  similar  incursion 
of  lingering  forms  from  the  Waverly  gulf  on  the  east.  The  remark- 
able thing  is  that  these  should  have  succeeded,  so  far  as  they  did, 
in  impressing  themselves  on  the  composite  result,  and  in  giving  tone 
to  the  whole.  It  is  more  natural  to  expect  an  antiquated  fauna  to 
be  overwhelmed  by  a  younger  and  more  progressive  one.  It  would 
be   interesting  to  know  what  happened  from    the  counter-migration 


swoUovanus  (Hall),  one  of  the  peculiar  screw-like  axes  for  the  support  of  the 
colony  in  this  genus.  Pelecypoda:  r,  Schizodus  chesterensis  M.  and  n.;  s,  Cono- 
cardium  vrattenanum  Hall;  and  t,  Conocardium  meekanum  Hall,  three  species 
of  Genevieve  pelecypods  which  have  closer  relatives  in  the  Kinderhook  and  Devo- 
nian faunas  than  in  the  C>sage.  Gastropoda:  w,  Eoirochus  concavus  Hall,  r,  Pleuro- 
tomaria  rwdulostriata  Hall,  and  w,  Bellerophon  tniblaevis  Hall;  three  gastropods,  all 
from  the  diminutive  Spergen  Hill  fauna:  all  of  them  have  nearer  relatives  in  the 
pre-Osage  than  in  the  Osage,  and  related  forms  again  occur  in  the  Carboniferous, 
Protozoa:  x  and  y.  Endidhijra  baileyi  Hall,  a  small  foraminifer,  much  enlarged, 
which  occurs  in  great  numbers  in  the  liedford  limestone  of  Indiana,  it  has  often 
been  mistaken  for  o6lite  grains. 
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of  the  Osage  fauna  into  the  Great  Basin  region;  but  this  does  not 
seem  to  have  been  worked  out.  With  little  doubt  the  conservative 
invaders  of  the  interior  sea  were  favored  by  physical  conditions,  which 
appear  to  have  grown  progressively  more  and  more  like  those  to  which 
the  Devonian  types  had  become  adapted,  and  less  and  less  like  those 
to  which  the  special  Osage  forms  were  fitted.  There  is  danger,  how- 
ever, of  over-estimating  the  Devonian  facies,  because  of  its  interest. 
The  total  assemblage  bore  a  pronouncedly  Mississippian  aspect. 

This  persistence  of  Devonian  types  through  to  this,  the  last  recog- 
nized epoch  of  the  Mississippian  period,  taken  with  the  close  continuity 
of  the  life  of  the  last  Devonian  epoch  with  that  of  the  first  Mississippian 
epoch,  and  the  absence  of  any  notable  physical  break  at  that  point, 
raises  the  question  whether  the  Mississippian  might  not  better  ha%'e 
been  regarded  as  the  closing  portion  of  the  Devonian  period.  This 
would  have  given  to  the  imited  period  a  cosmopolitan  climax  in  the 
life  of  the  Osage-St.  Louis  limestones,  and  a  fitting  close  in  the  decline 
of  many  forms,  and  the  unconformity  at  the  summit  of  the  Mississippian. 
But  no  divisions  of  a  history,  which  is  in  reality  continuous,  can  be 
altogether  without  infelicities.  The  pulsations  of  the  history,  which 
alone  are  the  true  basis  of  natural  divisions,  are  rarely  the  same  every- 
where at  the  same  time,  and  in  all  their  aspects. 

With  the  close  of  the  Mississippian  period,  the  chief  center  of  life 
interest  passes  from  the  sea  to  the  land,  first  to  the  vegetation  of  the 
Coal  period,  and  then  to  the  land  vertebrates.  The  history  of  the 
marine  invertebrates  will  therefore  be  followed  with  less  fullness.  With 
the  introduction  of  fishes  it  had  reached  its  great  adjustments,  and 
its  further  history  bears  a  close  likeness  to  the  struggles  and  adapta- 
tions of  the  history  already  sketched. 

The  Evolution  of  the  Fishes  in  the  Mississippian  Period.^ 

Many  of  the  ancient  invertebrates  were  as  fixed  as  plants,  and 
their  migrations  were  confined  to  their  early  stages;  but,  quite  in  con- 
trast, the  fishes  were  constant  rovers,  and  their  distribution  was  rela- 
tively free  and  rapid.  While  restrained  by  conditions  of  food,  tem- 
perature, etc.,  they  were  relatively  independent  of  local  conditions,  and 

»  References:  Newberry,  Worthen  and  St.  John,  111.  GSool.  Surv.,  Vols.  II,  IV,  VI, 
VII;  Newberry,  Pal.  Ohio,  Vols.  I  and  II;    Leidy.  Trans.  Am.  Phil.  Soc.,  VoL  XI; 

A.  S.  Woodward,  Vert.  Pal.;  Dean,  Fossil  Irishes. 
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the  minor  stages  of  their  progress  are  less  significant  than  the  general 
ones.    They  are  therefore  discussed  here  for  the  period  as  a  whole. 

Fish  appear  to  have  first  effectually  invaded  the  open  sea  in  the 
Devonian  period,  but  during  that  period  true  marine  fishes  seem  to 
have  been  inferior,  in  nimiber  and  variety,  to  those  of  the  inland 
waters.  But  by  the  middle  of  the  Mississippian  period  the  marine 
fishes  had  made  such  relative  progress  that  they  were  in  unquestioned 
supremacy,  while  the  fresh-water  forms  had  notably  declined,  if  we 
may  trust  the  record.  The  extension  of  the  epicontinental  seas,  and 
the  consequent  reduction  of  the  land-areas,  and  doubtless  the  land- 
waters,  favored  the  former  and  restricted  the  latter.  In  the  seas, 
the  supremacy  of  the  sharks  was  almost  imcontested.  The  cephalo- 
pods,  probably  the  master  forms  among  the  invertebrates,  were  no 
match  for  the  newcomers  and,  as  already  noted,  played  a  very  small 
part  in  the  life  of  the  times.  The  great  sea  reptiles  and  sea  mammals, 
which  later  preyed  upon  and  kept  in  subjection  the  sea  fishes,  had 
not  yet  come  to  dispute  their  sway.  Under  these  conditions,  and  in 
a  new,  rich,  and  expanding  realm,  it  is  not  surprising  that  the  fish  of 
the  period  had  a  really  wonderful  development.  They  were  appar- 
ently much  more  abundant  than  in  any  later  period;  at  least  this  is 
true  of  the  sharks.  Up  to  1889,  about  400  species,  nearly  all  elasmo- 
branchs,  had  been  reported  from  the  Mississippian  formations  of 
America,  and  about  200  additional  species  from  Europe.^ 

The  relics  are  chiefly  teeth,  spines,  and  dermal  ossicles,  and  per- 
haps the  number  of  species  is  exaggerated  by  duplicate  naming,  though 
this  is  doubtless  much  more  than  offset  by  the  unrecorded  forms. 
The  elasmobranchs  held  undisputed  precedence,  and  of  these  at  least 
three-fourths  had  crushing  or  pavement  teeth,  adapted  to  breaking 
the  shells  of  mollusks  and  crustaceans,  and  the  trituration  of  seaweeds.^ 
The  tooth-pavement  was  formed  of  large  plates  of  thicknesses  ranging 
up  to  one  and  one-half  inches,  composed  of  solid  dentine  below  and 
a  thick  sheet  of  enamel  above,  which  was  pitted,  ridged,  or  otherwise 
roughened  to  prevent  the  slipping  of  the  prey.  The  multiplication 
of  these  chonchivorous  sharks  introduced  a  new  factor  into  the  inver- 
tebrate struggle  for  existence,  and  perhaps  accounts  for  the  decline 
or  disappearance  of  some  forms  and  the  modification  of  others. 

1  Newberry,  Pal.  Fishes,  N.  Am.  Mon.  XVI,  U.  S.  Geol.  Surv.,  1889,  pp.  182-83. 
•Newberry,  ibid.,  p.  184 
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The  number  of  spines  preserved  is  exceptionally  great  when  com- 
pared with  the  teeth  and  dermal  ossicles,  which  are  about  equally 
well  adapted  to  preservation.  The  proportion  is  very  much  greater 
than  that  of  later  periods,  including  the  present,  and  implies  that  the 
sharks  bristled  with  spines  to  a  degree  not  retained  in  lat^r  times. 
The  loss  of  spines  in  later  ages,  like  the  loss  of  the  armor-plates  and 
other  clmnsy  defensive  devices,  may  be  assigned  to  replacement  by 
agility,  intelligence,  and  more  effective  weapons  of  attack,  as  New- 
berry has  suggested;  but  their  great  development  at  this  time  doul)t- 
less  had  its  special  reason  in  the  fact  that  most  of  the  sharks  were 
only  provided  with  pavement  teeth,  which  were  ineffectual  weap(>n> 
agamst  those  sharks  that  were  armed  with  piercing  and  cutting  tei^tli, 
and  hence  the  former  had  especial  need  for  a  bristling  array  of  spines 
as  a  defense  against  their  aggressive  kin. 

Sharks  with  piercing  teeth  were  represented  at  the  very  opening 
of  the  period  by  Cladoselache,  Fig.  239,  and  later  by  Cladodxis  and  allied 


Fig.  239. — CladoseUiche  fyleri  Newb.  Restoration  by  Dean  about  one-fifth  natural 
size.  From  Cleveland  Shales,  Ohio.  Often  referred  to  the  Devonian.  (After 
Dean.) 

genera  which  were  numerous  and  wide-spread.  Some  of  these  were 
large  and  formidable  fishes,  "  armed  with  teeth  in  many  rows,  several 
hundred  in  each  set."  (Fig.  235,  t  and  u).  The  petalodonts  were  a 
conspicuous  group  of  sharks  with  peculiar  cycloid  cutting  teeth.  The 
arthrodirans,  which  were  abundant  and  gigantic  during  the  transition 
period  from  the  Devonian,  lingered  in  reduced  importance  through 


THE  MISSISSIPPIAN  PERIOD.  537 

this  period  and  into  the  next,  when  they  disappeared.  The  lung- 
fishes  had  declined,  but  were  represented  by  Ctenodus.  The  hdlopty- 
chians  had  disappeared,  but  the  crossopterygians  were  represented 
by  several  genera  that  took  on  a  closer  external  resemblance  to  modern 
forms. 

Of  the  fishes  frequenting  the  inland  and  coastal  waters,  probably 
the  culminating  type  was  now  actinopterygian  of  the  order  to  which 
the  modern  garpike  belongs.  The  curious  tribe  of  ostracoderms  had 
nearly  or  quite  disappeared. 

The  fishes  probably  made  up  the  whole,  or  nearly  the  whole,  of 
the  vertebrate  fauna  of  the  seas.  The  ostracoderms  may  have  entered 
the  sea,  as  they  are  sometimes  reported  in  marine  faunas,  but  they 
were  probably  fresh-water  forms  in  the  main.  There  are  reasons  for 
thinking  that  amphibians  frequented  the  fresh  waters  and  the  adja- 
cent lands,  but  probably  not  the  seas. 

II.  The  Land  Life  of  the  Mississippian. 

Since  the  period  was  one  of  sea  extension  and  its  deposits  mainly 
marine,  the  record  of  land  life  is  poor.  There  was  doubtless  some 
notable  restriction  of  the  terrestrial  life  by  reason  of  the  encroach- 
ment of  the  sea.  So  far  as  may  be  gathered  from  the  record,  the 
main  Devonian  lines  were  perpetuated.  Enough  fossil  vegetation 
has  been  recovered  to  show  that  all  the  leading  groups  of  Devonian 
plants  were  represented.  There  were  true  ferns  (Archcropteris,  Mega- 
lopterisj  Sphenopteris,  Pseudopecopteris,  etc.)  probably  CycadoftHces 
{Alethopteris),  Equiseiales  (Calamites,  Annuhria,  Bornia,  Astrophyl- 
liteSf  etc.),  Sphenopyllales  {Sphenophyllum) ,  Lycopodiales  (Lepido- 
dendron,  Sigillaria.,  Ulodendron,  Knorria,  Haloniaj  etc.),  gymnosperms 
(CordaUes)f  and  the  fossil  seeds  Cardiocarpus,  TrigonocarpuSj  etc., 
commonly  regarded  as  the  fruit  of  cordaites. 

The  most  interesting  suggestion  of  advance  in  land  life  is  found 
in  the  footprints  of  a  supposed  amphibian  named  Peleosauropus  (Smtro- 
pus)  primcrvus,  described  by  Lea  from  the  Mauch  Chunk  shale  near 
Pottsville,  Penn.  There  are  six  double  imprints,  in  which  the  track 
of  the  hind  foot  partially  covers  that  of  the  front  foot.  They  imply  a 
stride  of  about  thirteen  inches,  and  a  breadth  between  outer  toes 
of  eight  inches.  The  trail  of  a  tail  an  inch  wide  accompanies  the 
footprints.    The  slab  on  which  they  are  impressed  is  ripple-marked 
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and  pitted  by  rain-drops,  implying  a  freshly  emerged  mud-flat  again 
covered  before  the  impressions  were  lost.^  This  solitary  record  prob- 
ably stands  for  many  amphibians  that  had  already  attained  a  dis- 
tinctive development,  a  suggestion  that  is  supported  by  the  rather 
wide  differentiation  which  the  amphibians  presented  when  first  they 
were  well  preserved  in  the  next  (Coal  Measures)  period.  The  European 
record  is  better,  nearly  complete  specimens  referred  to  the  labjointho- 
donts  having  been  found  in  the  Edinbui^h  (Lower  Carboniferous) 
coal  field  of  Scotland.^ 

Probably  the  insects  and  their  allies  found  in  the  preceding  period 
were  represented,  but  their  fossils  are  not  known  to  have  been  found. 

^  Dana's  Manual,  p.  644. 

'Described  by  Huxley,  under  the  name  PhoUdogaster,  Vol.  XVIII,  Q.  J.  G.  S. 


CHAPTER  X. 

THE  PENNSYLVANIAN  (COAL  MEASURES,  CARBONIFEROUS  PROPER) 

PERIOD. 

Formations  and  Physical  History. 

The  system  of  rocks  lying  upon  the  Mississippian  was  formerly 
known  as  the  Carboniferous  proper,  and  this  name  is  still  in  common 
use.  The  name  has  its  explanation  in  the  fact  that  this  s)^tem  con- 
tains the  great  coal  deposits  of  the  eastern  part  of  North  America. 
The  need  of  a  name  to  distinguish  this  sjretem  of  rocks  from  those 
which  have  been  described  under  the  name  Mississippian  has  long  been 
felt,  and  the  name  Pennsylvanian,  which  has  recently  come  into  wide 
use  in  this  country,  was  adopted  because  the  system  is  well  developed 
and  well  known  in  Pennsylvania.  The  Pennsylvanian  system  includes 
the  Pottsville  conglomerate  (Millstone  grit)  below  and  the  Coal  Meas- 
ures above. 

The  Pottsville  Conglomerate  (Millstone  Gnrr). 

The  lowermost  formation  of  the  period  in  the  Appalachian  region 
is  generally  sandstone  or  conglomerate  (Pottsville  conglomerate  at 
the  north;  Lee  conglomerate,  Lookout  conglomerate,  Millstone  grit, 
etc.,  farther  south  [see  p.  557  et  seq,]),  which  betoken  shallow  water. 
Over  wide  areas  it  is  unconformable  on  the  Mississippian  system,  as 
already  noted.  In  some  places  the  Pottsville  conglomerate  appears  to 
be  a  true  basal  conglomerate,  representing  the  deposits  made  by  the 
sea  as  it  transgressed  the  surface  of  the  recently  exposed  Mississippian 
formations.  In  such  places  it  is  sometimes  made  up  partly  of  the 
cherts  derived  from  the  Mississippian  beds,  showing  that  the  latter 
had  imdergone  prolonged  decay  before  the  deposition  of  the  conglom- 
erate. In  other  places  the  pebbles  of  which  the  conglomerate  is  com- 
posed seem  not  to  have  been  derived  from  local  sources.    This  like- 
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wise  argues  for  wide-spread  emergence  before  the  epoch  of  the  Mill- 
stone grit,  for  on  a  land  surface  streams  may  shift  materials  great 
distances. 

From  its  coarser  conglomerate  phases  in  the  east,  the  Pottsville 
conglomerate  grades  westward  into  sandstone  (Mansfield  sandstone  of 
Indiana/  Parma  sandstone  of  Michigan,^  Graydon  sandstone  of  Mis- 
souri,3  and  Millstone  grit  ^  of  Arkansas),  and  with  local  conglomeratic 
phases  the  sandstone  persists  over  the  interior.  At  various  points  in 
the  east  the  formation  contains  thin  beds  of  coal  (Fig.  242),  showing 
the  local  beginnings  of  the  conditions  which  existed  later  over  wide 
areas,^  and  in- the  southern  Appalachians  it  is  a  chief  source  of  coal.^ 
The  beds  of  the  interior  referred  to  this  epoch  are  thought  to  repre- 
sent the  later  part  of  the  epoch  only,  while  the  series  in  the  Appala- 
chian mountains  includes  beds  referable  to  earlier  stages  of  the  epoch 
as  well.  In  other  words,  the  area  of  deposition  was  extended  westward 
as  the  epoch  advanced.  Even  at  the  east  there  is  sometimes  a  great  un- 
conformity between  the  Mississippian  and  the  Pottsville  series  (see  p.  508). 

The  formation  varies  in  thickness  from  1200  feet  in  the  South 
Anthracite  basin  of  Pennsylvania,  to  as  little  as  65  feet  in  some  parts 
of  western  Pennsylvania.  The  unequal  thicknesses  are  due  partly 
to  the  unevenness  of  the  eroded  surface  on  which  it  rests,  partly  to 
unequal  rates  of  sedimentation,  partly  to  unequal  duration  of  the 
time  of  sedimentation  in  dififerent  regions,  and  partly  perhaps  to  inclined 
deposition,  thinning  off  shore.  Half  of  the  formation  in  eastern 
Pennsylvania  is  thought  to  have  been  deposited  before  deposition 
began  in  the  western  part  of  the  state.^  The  formation  has  a  thick- 
ness of  about  500  feet  in  Maryland  ^  and  of  200  to  1500  feet  in  A\>st 
Virginia.®    Further  details  as  to  thickness  are  given  on  pp.  557-663. 

» 22d,  26tli,  and  27th  Ann.  Repts.,  Dept.  of  Geo!.,  etc. 
'Lane,  Geol.  Surv.  of  Mich.,  especially  Vol.  VII. 

» Geol.  Surv.  of  Missouri,  Vol.  XII,  and  22d  Ann.  Rept.,  U.  S.  Geol.  Surv..  Pt.  2. 
p.  88. 

*  Geol.  Surv.  of  Arkansas,  Vol.  V,  1892. 

*  White  (I.  C),  West  Virginia  Geol.  Surv.,  Vol.  II. 
•Hayes,  22d  Ann.  Rept.,  U.  S.  Geol.  Sun^,  Pt.  Ill,  p.  235. 

'  White  (D.),  20th  Ann.  Rept.,  U.  S.  Geol.  Surv.,  Pt.  II,  pp.  755-918,  and  Browns- 
ville-Connellsville  folio,  U.  S.  Geol.  Sur\'.,  p.  8. 

■  Prosser,  Jour.  Geol.,  Vol.  IX,  p.  422.  Also  Martin,  Maryland  Geol.  Sur\'.,  Report 
on  Garrett  Co.,  pp.  100-110. 

*  White,  West  Virginia  Geol.  Surv.,  Vol.  I,  p.  211. 
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The  formation  is  usually  so  firmly  indurated  that  where  it  has  been 
tilted  its  outcropping  edge  develops  ridges. 

The  Millstone  grit,  usually  a  coarse,  conglomeratic  red  sandstone, 
occurs  in  Nova  Scotia,  where  it  contains  occasional  lenses  of  coal  and 
shale. 

In  the  western  part  of  America,  the  Millstone  grit  formation  has 
not  been  recognized.  While  deposits  representing  the  epoch  probably 
occur,  they  have  not  commonly  been  differentiated  from  the  beds 
below  and  above.  Locally,  however,  there  are  conglomeratic  beds 
which  may  prove  to  be  the  time-equivalent  of  the  Millstone  grit 
of  the  east.  If  the  Carboniferous  (corresponding  to  Pennsylvanian)  of 
the  west  is  not  more  generally  unconformable  on  the  Lower  Car- 
boniferous than  present  data  indicate,  the  two  systems  here  afford 
another  illustration  of  the  general  fact  that  different  regions  on  the 
same  continent  do  not  always  undergo  the  same  changes,  or  receive 
similar  deposits  at  the  same  time.  So  true  is  this,  that  a  shallow- 
water  formation,  like  the  Potts^dlle  conglomerate,  in  the  eastern  part  of 
the  continent,  would  afford  no  sufficient  warrant  for  supposing  a  like 
formation  to  have  been  made  in  the  western.  The  deposits  of  the 
Pennsylvanian  (Carboniferous)  period  in  the  eastern  and  western  parts 
of  the  continent  also  show  that  a  classification  which  fits  one  region 
may  have  little  applicability  to  another,  so  far  as  details  are  concerned. 

The  Coal  Measures. 

Above  the  Pottsville  conglomerate  and  its  equivalents  in  the  cen- 
tral and  eastern  parts  of  the  continent  lie  the  formations  known  collec- 
tively as  the  Coal  Measures,  a  series  of  beds  somewhat  imlike  any 
heretofore  considered.  They  consist  of  a  great  succession  of  alterna- 
ting beds  of  shale,  sandstone,  conglomerate,  limestone,  coal,  and  iron 
ore.  While  the  succession  differs  greatly  in  different  regions,  shale 
and  sandstone  perhaps  recur  more  frequently  than  any  other  mem- 
bers of  the  series,  and  in  thicker  beds.  Limestone  has  a  more  limited 
development,  and  conglomerate  is  relatively  unimportant.  The  coal 
and  some  of  the  iron  ore  are  in  layers  interstratified  with  the  clastic 
beds,  and  are  to  be  looked  upon  as  strata  of  rock,  the  same  as  the  asso- 
ciated sandstones  and  shale.  Important  as  the  coal  and  iron  ore  are 
from  an  economic  point  of  view,  they  make  up  but  a  small  part  of 
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the  system.  Although  there  are  many  beds  of  coal  m  some  regions, 
and  although  some  of  them  have  great  thickness  (40  to  50  feet)  the 
proportion  of  coal  in  the  Coal  Measures  is  rarely  one  foot  in  forty, 
and  the  proportion  of  iron  ore  is  much  less. 

The  Coal  Measures  are  differently  divided  in  different  regions. 
A  twofold  division,  namely  a  Lower  and  an  Upper,  is  conmion.  To 
these  series,  local  names  are  often  applied.  In  Iowa,  for  example, 
the  Lower  division  is  designated  Des  Moines,  and  the  Upper,  Mis- 
sourian,^  In  other  regions,  as  in  Ohio,  a  fourfold  division  has 
been  made  as  follows:  (1)  Lower  Coal  Measures;  (2)  Lower  Barren 
Measures;  (3)  Upper  Coal  Measures,  and  (4)  Upper  Barren  Measures. 
The  last  is  now  generally  referred  to  the  Permian  period.  More  recently 
the  following  classification  of  the  Pennsylvanian  and  Permian  systems 
of  the  east  has  been  proposed  ^  and  somewhat  generally  adopted: 


Permian Dunkard  formation  (or  series)  «=  Upper  Barren  Coal  Measures 

'4.  Monongahela    **         *'      '*      «=  Upper  Productive  Coal  MeasureB 
3.  Conemaugh       "         "     '*      « Lower  Barren  Coal  Measures 
2.  Allegheny         "         "     "      » Lower  Productive  Coal  Measure 
1.  Pottsville  "         "      '' 


Pennsylvanian 


Distribution  and  Outcrops, 

Between  the  Appalachians  and  the  Rockies. — ^The  distribution  of 
the  Pennsylvanian  system  as  now  exposed  is  shown  in  Fig.  240.  The 
black  areas  represent  the  areas  where  the  system  is  not  covered,  or 
covered  only  by  drift,  etc.;  the  lined  areas  represent  regions  where 
the  system  is  believed  to  exist,  though  concealed;  the  areas  marked 
by  dashes  represent  regions  where  the  presence  of  the  system  is  more 
or  less  doubtful;  w^hile  the  dotted  portions  give  some  idea  of  the  areas 
whence  the  system  has  been  removed  by  erosion.  The  system  is  prob- 
ably concealed  over  considerable  areas  to  the  south  of  those  repre- 
sented on  the  map,  where  the  surface  is  occupied  by  younger  formations, 
and  its  equivalent  doubtless  extends  indefinitely  under  the  sea. 

It  is  not  to  be  understood  that  the  system  everywhere  contains 
coal  in  workable  quantity,  though  within  the  areas  indicated  coal 
is  widely  distributed  (Fig.  241),  occurring  as  far  west  as  the  96th  or 

*  Calvin,  Bain,  Beyer,  Leonard,  Young,  and  Keyes,  Geol.  Surv.  of  Iowa,  Vol«. 
XIII.  XI,  VIII,  VII,  III,  and  I.    See  also  Keyes,  Am.  Geol,  Vol.  23. 1893,  pp.  2g8-3ia. 
^ProBser,  Am.  Jour.  Sci.,  4th  series.  Vol.  XI,  p.  191,  1901. 
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97th  meridian  in  Indian  Territory,  ^  and  nearly  to  the  100th  meridian 
in  Texas.2 

The  distribution  of  the  Pennsylvanian  system  in  the  eastern  part 
of  the  continent,  as  it  now  appears  at  the  surface,  is  in  some  ways  in 
sharp  contrast  with  the  surface  distribution  of  older  systems.  The  com- 
monest position  for  the  outcrops  of  the  Cambrian,  Silurian,  Devonian, 
and  Mississippian  systems  severally  is  around  the  outcrops  of  older 
systems.  But  this  rule  does  not  seem  to  be  followed  in  the  case  of 
the  Pennsylvanian,  the  outcrops  of  which  appear  to  exhibit  no  ten- 
dency to  a  similar  concentric  distribution.  Rather  do  they  seem  to 
cover  areas  between  the  outcrops  of  older  formations.  Thus  in  Michi- 
gan, the  Pennsylvanian  strata  occupy  an  area  completely  surrounded 
by  older  formations. 

This  difference  m  surface  distribution  does  not  betoken  any  real 
difference  in  the  distribution  of  the  system.  The  Ordovician  formations 
come  to  the  surface,  among  other  places,  in  New  York,  Ohio,  Wis- 
consin, Missouri,  and  the  Black  Hills.  Beneath  the  surface,  the  beds 
outcropping  in  these  several  localities  are  believed  to  be  continuous, 
though  concealed  by  younger  formations.  It  will  be  remembered 
that  most  of  the  eastern  interior,  and  perhaps  most  of  the  west  as 
well,  became  land  at  the  close  of  the  Ordovician  period.  Had  it  never 
again  been  submerged,  the  Ordovician  system  would  not  have  been 
covered,  and  its  outcrops  would  now  have  appeared  at  the  surface 
not  in  zones  about  the  exposed  parts  of  earlier  systems,  but  in  broad 
areas  between  the  outcrops  of  older  formations;  that  is,  these  out- 
crops would  have  corresponded,  in  principle,  with  the  surface  distri- 
bution of  the  Pennsylvanian,  so  far  as  it  appears  at  the  surface.  After 
the  deposition  of  the  Pennsylvanian  system,  the  surface  where  it  is 
now  exposed  was  elevated,  relatively,  and  except  for  the  glacial  drift, 
was  either  never  deeply  covered  by  later  deposits,  or  if  so  covered, 
the  overlying  formations  have  been  almost  wholly  removed. 

The  matter  may  be  looked  at  in  another  way.  The  several  land 
areas,  which  served  as  centers  for  the  distribution  of  sediments,  such 
as  Appalachia,  the  Adirondacks,  northern  Wisconsin,  etc.,  became, 
on  the  average,  larger  and  larger  as  time  went  on;  that  is,  the  several 
land  areas  grew  as  the  result  of  uplift,  or  withdrawal  of  the  sea,  in 

»  Gould,  Am.  Joup.  Sci.,  Vol.  XI,  p.  185,  1901;  and  Taff,  22d  Ann.  Rept.,  p.  373, 
Pt.  III. 

'Taff,  idem,  p.  402. 
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spite  of  the  fact  that  they  were  periodically  depressed  and  d(^raded, 
and  so  temporarily  diminished  in  area.  The  result  of  the  fluctuations 
of  land  and  water  appears  to  have  been  in  the  long  run  to  the  advantage 
of  the  land.  If  the  apparent  changes  of  level  of  the  land  were 
really  due  to  its  rising  and  sinking,  the  sum  of  the  risings  exceeded 
the  sum  of  the  sinkings.  If,  on  the  other  hand,  the  apparent 
changes  of  level  of  the  land  were  due  to  fluctuation  of  the  level  of  the 
water,  the  average  movement  of  its  surface  was  downward.  Before 
the  Pennsylvanian  period,^  the  Ohio  island  had  made  its  appearance, 
and  constituted  a  new  sub-center  of  growth.  With  these  several 
land  areas  gradually  (on  the  average)  enlarging,  it  is  clear  that  the 
continuation  of  the  process  must  ultimately  have  resulted  in  their 
union.  Barring  the  Coastal  Plain,  that  time  came,  so  far  as  eastern 
North  America  is  concerned,  with  the  close  of  the  Pennsylvanian 
period.  While  therefore  the  Pennsylvanian  system  of  rocks  really 
stands  in  much  the  same  relation  to  the  Mississippian  system  that 
each  of  the  preceding  systems  does  to  its  predecessor,  its  surface  dis- 
tribution seems  to  depart  from  the  usual  rule. 

Some  of  the  separate  areas  of  the  system  shown  in  Fig.  240  have 
probably  been  isolated  since  their  deposition.  Thus  the  eastern 
interior  coal-field  (lUmois-Indiana  area.  Fig.  241)  may  have  been 
continuous  with  the  western  interior  field  (lowa-Missouri-Arkansas 
area),  the  separation  having  been  effected  by  erosion  along  the 
Mississippi,  where  the  Coal  Measures  have  been  removed  and  the 
Mississippian  formations  below  exposed.  These  two  coal-fields  are 
separated  by  a  broad  low  anticline,^  the  existence  of  which  allowed 
the  Mississippi  River  to  reach  the  Mississippian  series  the  more  readily 
in  its  down-cutting.  The  Coal  Measures  of  different  parts  of  Penn- 
sylvania (Fig.  240),  where  the  considerable  altitude  has  favored  ero- 
sion, have  been  isolated,  though  probably  once  continuous.  The  figure 
gives  some  idea  of  the  extent  of  erosion  in  post-Carboniferous  time. 
The  Coal  Measm-es  of  Pennsylvania  may  once  have  been  continuous 
with  those  of  the  eastern  Interior,  via  Kentucky  and  Tennessee,  thou^ 
this  is  imcertain.    The  Michigan  ^  and  Rhode  Island  *  areas  (the  latter 

>  Foerste,  BuU.  Geol.  Soc.  Am.,  Vol.  XII,  pp.  398-444. 
'Hayes,  22d  Ann.  Rept.  U.  S.  Geol.  Sun'.,  Pt.  Ill,  p.  16. 
•  Lane,  ibid.,  pp.  307-331,  and  Repts.  of  the  Michigan  Geol.  Surv. 
<  Shaler,  Woodworth,  Foerste,  Mono.  XXXIII,  U.  S.  Geol.  Surv. 
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Fig.  240. — Mao  shoi^ang  the  areas  where  the  Pennsylvanian  system  appears  at  the 
surface  in  North  America.  The  map  also  shows,  as  in  preceding  similar  cases, 
the  areas  where  the  Pennsylvanian  system  is  thought  to  exist  though  buried 
(lined  areas) ;  the  areas  where  it  is  thought  once  to  have  existed,  but  to  nave  been 
removed  by  areas  (dotted);  and  by  inference  the  relations  of  land  and  sea  during 
the  Pennsylvanian  period. 
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not  shown  in  Fig.  241)  were  probably  isolated  from  the  beginning, 
though  at  the  outset  the  latter  was  considerably,  and  the  former  some- 
what, larger  than  now.  It  is  to  be  understood  that,  as  in  the  case  of 
all  other  systems,  the  present  margins  of  the  Coal  Measures  are  not 
the  original  margins.  At  many  points,  as  in  Iowa,  Tennessee,  and 
elsewhere,  there  are  small  outliers  of  Pennsylvanian  formations  which 
show  that  the  system  once  extended  beyond  its  present  borders.* 

Proctuctive  Coal-fields. 

The  productive  coal  areas  of  the  Pennsylvanian  (Carboniferous) 
system  in  the  United  States  are  five  in  niunber.     These  are  as  follo\\'s:2 

(1)  The  anthrdcite  field,^  which  is  confined  to  eastern  Pennsyl- 
vania, and  contains  an  area  of  484  square  miles.  This  aggregate 
area  includes  several  elongate,  nearly  parallel,  synclinal  basins,  the 
longer  axes  of  which  have  a  northeast-southwest  direction  (Figs.  241 
and  266).  From  the  adjacent  anticlines,  and  from  the  neighboring 
shallower  synclines,  the  coal-bearing  beds  have  been  removed  by 
erosion.  The  strata  of  this  field  may  once  have  been  continuous 
with  those  of  the  next. 

(2)  The  Appalachian  field,^  which  extends  from  the  northern  border 
of  Pennsylvania  to  central  Alabama,  a  distance  of  about  850  miles 
(Fig.  240),  embraces  an  area  of  about  70,800  square  miles,  of  which 
about  75  per  cent  contains  workable  coal.  Speaking  in  general  terms, 
the  western  edge  of  the  sharply  folded  Appalachian  belt  forms  the 
eastern  edge  of  the  Appalachian  coal-field.  Barring  a  few  outlj-ing 
synclines  to  the  east,  the  strata  of  this  field  are  gently  imdulating 
or  horizontal.  The  formations  thicken  to  the  east  and  thin  to  the 
west.  Few  beds  of  coal  are  known  to  have  great  extent,  but  the  Pitts- 
bm-g  bed  in  the  Monongahela  series,  and  the  Sewanee  bed  in  the  Potts- 
ville  series,  seem  to  be  continuous  over  areas  of  several  thousand  square 
miles. 

^  For  details,  see  the  geological  reports  of  the  States  where  the  Carboniferous  sys- 
tem is  present.  Summaries  of  classifications  for  Kansas  and  Nebraska  are  given 
(Prosser)  in  Jour.  Geol.,  Vol.  VII,  pp.  342-56,  and  Vol.  X,  pp.  703-17. 

>  Hayes,  22d  Ann.  Kept.,  U.  S.  Geol.  Surv.  R.  Ill,  p.  15. 

'Stoek,  idem,  pp.  61-117.     Abo  Geol.  Surv.  Repts.  of  Pennsylvania. 

*  Idem,  White  (D.),  Campbell  (M.  R.),  Hayes,  and  Haseltine,  pp.  127-263.  Also 
State  Geol.  Surv.  Repts.  of  Pennsylvania,  Ohio,  Maryland,  West  Vurginia,  Kentuck>, 
Tennessee,  Alabama. 
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(3)  The  Northern  Interior  jield,^  which  is  confined  to  the  southern 
peninsula  of  Michigan  and  covers  an  area  of  about  11,000  square  miles. 
The  strata  of  this  field  appear  to  dip  gently  toward  the  center  of  the 
basin  (i.e.  toward  the  center  of  the  Lower  Peninsula),  but  the  field 
is  so  hea\dly  covered  with  glacial  drift  that  its  structure  is  less  well 
kno\\Ti  than  that  of  the  other  fields.  The  formations  of  this  basin 
were  probably  never  connected  with  those  of  the  other  coal-fields. 

(4)  The  Eastern  Interior  field  ^  covers  an  area  of  about  58,000  square 
miles  in  Indiana,  Illinois,  and  Kentucky  (Fig.  241).  About  55  per 
cent  of  the  area  is  productive.  About  its  borders,  the  beds  of  the 
series  are  gently  inclined,  generally  toward  the  center,  while  in  the 
central  part  they  are  nearly  horizontal.  This  field  is  set  off  from  the 
Appalachian  field  on  the  east,  and  from  the  Western  Interior  field 
on  the  west,  by  broad  low  anticlines  from  which  the  Coal  Measures, 
if  ever  present,  have  been  eroded.  The  former  connection  of  this  field 
with  that  to  the  west  is  probable. 

(5)  The  Western  Interior  and  Southwestern  -fields  ^  constitute  a  nearly 
continuous  area  of  Coal  Measures  formations,  stretching  from  northern 
Iowa  to  central  Texas,  a  distance  of  800  miles,  and  covering  an  area 
of  94,000  square  miles,  including  parts  of  Iowa,  Nebraska,  IDssouri, 
Kansas,  Arkansas,  Indian  Territory,  and  Texas.  On  the  east  tliis 
field  is  limited  by  the  broad  low  anticline  which  borders  the  Eastern 
Interior  field  on  the  west.  On  the  west  the  field  is  limited  by  the 
overlap  of  younger  formations.  Except  in  Arkansas  and  Indian 
Territory,  where  the  strata  are  folded,  the  beds  of  the  Coal  Measures 
of  this  area  are  essentially  horizontal. 

(6)  The  Nova  Scotian-New  Brunswick  coaUfield, — This  lies  on  both 
sides  of  the  Bay  of  Fundy  and  contains  an  area  estimated  at  about 
18,000  square  miles.  There  are  numerous  beds  of  coal  several  of 
which  are  workable.    The  coal  is  bituminous  and  of  good  quality. 

TVTiile  the  Pennsylvanian  system  was  perhaps  less  widespread  than 
the  Mississippian,  in  the  Mississippi  basin,  the  less  extensive  sj'stoni 
sometimes  overlaps  the  more  extensive,  as  shown  on  the  map  (p.  218), 

»  Lane,  22d  Ann.  Rept.  U.  S.  Geol.  Surv.,  Pt.  Ill,  pp.  313-331,  and  Repts.  of  the 
Geol.  Surv.  of  Michigan. 

*  Ibid.,  Ashley,  pp.  271-305,  and  Repts.  of  the  Geol.  Survs.  of  Indiana,  lUinoiN 
and  Kentucky. 

'  Ibid.,  Bain  and  Taff,  pp.  335-413.  Also  State  Geol.  Surv.  Repts.  of  Iowa,  Missouri, 
Kansas,  Nebrajska,  Arkansas,  and  Texas. 
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where  the  Pennsylvanian  rests  on  formations  older  than  the  Mis- 
sissippian.  This  is  the  case  in  Illinois,^  lowa,^  Indian  Territory ,3 
and  elsewhere.  The  absence  of  Mississippian  formations  in  these 
several  situations  may  be  due  either  to  failure  of  deposition,  or  to 
post-Mississippian-pre-Pennsylvanian  erosion. 

Figs.  242  and  243  illustrate  further  the  constitution  of  the  system 
in  the  east,  and  Fig.  244  its  structure  at  a  point  in  the  western  part 
of  the  Appalachian  Mountain  system. 

East  of  the  Appalachians. — The  Carboniferous  system  occurs  in 
the  vicinity  of  Narragansett  Bay,*  where  it  has  an  aggregate  thickness 
of  about  12,000  feet,  and  often  rests  on  beds  of  Cambrian  age.  The 
Mississippian  system  appears  to  be  wanting  in  this  region,  thus  afford- 
ing another  bit  of  evidence  of  the  distinctness  of  the  Pennsylvanian 
and  Mississippian  periods.  The  Pennsylvanian  system  of  this  region 
carries  coal,  which  is,  however,  too  highly  anthracitic  (or  graphitic) 
to  burn  readily.  The  beds  are  much  deformed  and  locally  highly 
metamorphosed.  They  are  associated  with  igneous  rocks,  some  of 
which  are  pre-Carboniferous. 

Carboniferous  rocks  of  undetermined  extent  occur  at  other  points 
in  New  England,*  where  they  are  partly  igneous  (Fig.  245)  or  meta- 
igneous,  and  partly  meta-sedimentary.  They  are  sometimes  so  com- 
pletely metamorphic  as  to  make  the  determination  of  their  age  and 
relations  dijfficult  and  uncertain. 

Northeast  of  New  England,  in  Cape  Breton,  Nova  Scotia,  and  New 
Brunswick,  the  Pennsylvanian  system  is  extensively  developed.  Its 
general  constitution,  including  rich  beds  of  coal,  is  similar  to  that 
of  the  corresponding  system  in  the  eastern  part  of  the  United  States. 
From  the  nature  of  the  formations,  the  existence  of  conditions  similar 
to  those  in  the  eastern  interior  is  inferred.  In  Nova  Scotia  the  system 
attains  a  thickness  of  some  13,000  feet. 

West  of  the  Great  Plains. — Formations  made  during  the  period 
when  the  Pennsylvanian  system  was  accumulating  in  the  east  are 

*  Reports  of  the  Geol.  Surv.  of  lUinois  and  geological  map  of  Illmois. 
'  Reports  of  the  Geol.  Surv.  of  Iowa  and  geological  map  of  Iowa. 

*  Coal -ate  folio,  U.  S.  Geol.  Surv. 

*  Shaler,  Woodworth  and  Foerste,  Geology  of  the  Narragansett  Basin,  Mono. 
XXXIII,  U.  S.  Geol.  Surv. 

»  Emerson  and  Perr>',  Geology  of  Worcester,  Mass  ;  also  Perr>',  Jour.  Geol.,  VoL 
XII,  p.  7. 
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widespread  west  of  the  Great  Plains,  and  probably  underlie  the  Plains 
themselves.  With  rare  exceptions,  these  western  beds,  largely  of 
limestone  and  sandstone,  represent  the  coal-less  phase  of  the  Penn- 
sylvanian  (Upper  Carboniferous)  system,  a  phase  which  is  far  more 
widespread,  the  whole  earth  considered,  than  the  coal-bearing  phase. 
There  is  probably  no  other  continent  where  the  rocks  of  the  period 
are  so  generally  coal-bearing  as  in  North  America;  yet  even  here  the 
coal-less  phase  of  the  system  is  probably  more  extensive  than  the 
coal-bearing.  The  abundant  coal  of  the  west  does  not  belong  to  this 
system,  but  to  later  ones  (Cretaceous  and  Tertiary).  While  there- 
fore there  are  large  areas  where  coal  constitutes  a  part  of  the  Carbon- 
iferous system,  the  formations  of  this  period  do  not  all  contain  coal, 
nor  are  all  workable  coal  deposits  referable  to  this  period.    In  this 


^?Ci4 


Fig.  245. — Section  in  southwestern  Massachusetts,  showing  the  position  and  rela- 
tions of  the  Carboniferous  system.  Cw  =  igneous  rock,  Carboniferous-  Sc  (Con- 
way schist)  and  Sg  (Goshen  schist)  are  Silurian  formations;  Oh  (Hawley  schist), 
Os  (Savoy  schist)  and  Ock  (Chester  Amphibolite) ,  are  probably  Ordovician,  though 
classed  with  the  Silurian  in  the  Hawley  folio.     (Emerson,  U.  S.  Geol.  Surv.). 

case,  as  in  others  yet  to  be  described,  the  exceptional  and  relatively 
local  phase  has  been  taken  for  the  type,  partly  because  it  was  the  part 
first  studied,  and  partly  because  it  is  of  great  industrial  importance. 

The  Mississippian  and  Pennsylvanian  systems  have  not  always 
been  differentiated  west  of  the  Great  Plains.  With  rare  exceptions, 
the  formations  of  this  system  (or  of  the  two  systems  together)  are 
such  as  to  indicate  that  marine  conditions  prevailed  in  the  west. 
Locally  at  least  (p.  508),  sedimentation  was  interrupted  at  the  close 
of  the  Mississippian  period,  and  the  tendency  of  the  rapidly  increasing 
knowledge  of  the  west  is  toward  the  view  that  unconformity  between 
the  Lower  and  Upper  Carboniferous  is  somewhat  widespread.^  Fur- 
thermore, the  formations  of  the  Pennsylvanian  period  are  not  in  gen- 
eral so  widespread  as  those  of  the  Mississippian,  thus  affording  evidence 
as  significant  as  that  of  unconformity  of  the  geographic  changes  of  the 
time. 

From  the  nature  of  the  formations,  it  is  clear  that  sedimentation 
in  the  western  part  of  the  continent  was  effected  under  conditions 

*    See  foot-note,  p.  610. 
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very  different  from  those  which  prevailed  farther  east.    In  the  region 
of  productive  coal,  marine  conditions  seem  to  have  recurred   more 
frequently  and  to  have  been  of  longer  duration  in  the  western  coal- 
fields than  in  the  eastern.    These  relations  suggest  that  now   and 
again  the  marine  conditions  of  the  west  extended  to  the  east,  as  the 
result  of  subsidence  in  that  direction,  though  it  does  not  appear  that 
the  sea-water  at  any  time  became  deep  within  the  regions  where  the 
coal  occurs.    On  the  other  hand,  it  now  appears  that  the  conditions 
of  the  east  sometimes  prevailed,  at  least  locally,  in  the  west,  for  car- 
bonaceous beds,  and  even  beds  of  coal,  are  known  in  the  system  in  Ari- 
zona^ and  perhaps  in  New  Mexico. ^    In  some  parts  of  the  west,  the 
Carboniferous    system    includes    formations    which    closely    resemble 
the  "  Red  Beds  "  of  the  Permian.    This  is  true,  for  example,  in  some 
parts  of  Nevada,^  where  the  separation  of  the  Pennsylvanian  sj'stem 
from  the  Permian  is  not  very  distinct,  or  has  not  been  carefully  worked 
out. 

The  Carboniferous  (Pennsylvanian)  system  of  the  west  includes 
all  sorts  of  sedimentary  rocks,  among  which  are  considerable  thick- 
nesses of  limestone.  They  are  exposed  at  many  points  (Fig.  240; 
and  their  existence  over  wide  areas  where  they  are  now  covered  by 
later  deposits  is  certain.  The  Carboniferous  of  the  west  is,  however,  not 
continuous.  Numerous  islands  of  older  rock  probably  maintained 
themselves  throughout  the  period,  and  a  large  area  of  land  existed 
throughout  the  Paleozoic  era  in  western  Nevada  (west  of  long.  117°) 
and  had  an  unknown  extension  north  and  south. 

In  the  Carboniferous  system  of  some  parts  of  Colorado  (Elk 
Mountains  and  Sangre  de  Cristo  range)  and  New  Mexico,  there  is  a 
notable  unconformity,  with  great  accumulations  of  conglomerate,* 
3,000  to  6000  feet  thick,  at  the  base  of  the  upper  (probably  Penn- 
sylvanian) system.  Some  of  the  bowlders  of  the  conglomerate  are 
said  to  be  50  feet  in  diameter.  The  unconformity  seems  not  to  be 
universal,  and  the  conglomerate  is,  so  far  as  known,  rather  local.  Both 
phenomena  have   been   attributed   to  notable   erogenic   movements, 

»  Blake,  Am.  Geol.,  Vol  XXVII,  1901,  p.  161;  also  Dumble,  Am.  Geol.,  Vol.  XXX, 
p.  270. 

'  Southwest  of  Las  Vegas,  unpublished  evidence. 

»  Spurr,  Bull.  208,  U.  S.  Geol.  Surv.,  pp.  166-173. 

*  Emmons,  Orogenic  Movements  in  the  Rocky  mountains,  Bull.  Geol.  Soc.  Am . 
Vol.  I. 
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and  to  the  great  erosion  which  followed.  Beds  of  finer  sediment  suc- 
ceed the  conglomerate.  On  the  basis  of  fossils,  the  older  beds  of  the 
Pennsylvanian  system  in  Colorado  are  thought  to  be  older  than  the 
basal  beds  of  the  same  sj'^tem  in  Nebraska  and  Kansas.^ 

West  of  the  Great  Plains  the  outcrops  of  the  Carboniferous  strata 
often  occur  about  the  areas  of  older  rock,  where  uplift  and  erosion 
have  exposed  them.  They  appear  as  narrow  borders  about  various 
mountain  ranges  in  South  Dakota,  Montana  (mostly  Mississippian), 
Idaho,  Wyoming  2  (where  submergence  was  much  more  extensive  in 
the  Pennsylvanian  than  in  the  Mississippian  period),  and  Colorado. 
Some  of  the  fault-block  and  monoclinaP  mountains  of  the  west  are 
composed  largely  of  Carboniferous  limestone,  and  here  the  outcrops 
cover  large  areas.  The  same  formations  appear  at  the  surface  in 
large  areas,  in  the  southwest,  especially  Arizona,  not  in  immediate 
association  with  mountains  (Fig.  240).  In  Nevada,  the  Carboniferous 
(Mississippian  or  Pennsylvanian)  formations  rest  on  Cambrian  or 
Ordovician  with  apparent  conformity.'* 

Figs.  246  to  251  show  the  positions  and  relations  of  the  Mississippian 
and  Pennsylvanian  systems  at  various  points  in  the  west.  In  most 
cases  the  sections  are  from  regions  where  the  strata  have  been  much 
disturbed  by  folding,  faulting,  and  the  irruption  of  igneous  rock.  In 
all  cases  the  Carboniferous  beds  are  indicated  by  C,  or  some  com- 
bination of  letters  beginning  with  C  Fig.  246  shows  the  Carbon- 
iferous system  of  the  Black  Hills,  somewhat  deformed,  resting  on  the 
Cambrian,  and  largely  covered  by  younger  formations.  Fig.  247 
shows  the  relations  of  the  systems  in  the  Yellowstone  Park;  Fig.  248 
(Colo.)  shows  the  system  affected  by  igneous  rock;  Fig.  249  (Utah) 
shows  the  system  where  it  has  been  notably  affected  by  intrusions  of 
igneous  rock,  the  latter  having,  in  its  ascent,  torn  off  and  included 
masses  of  the  stratified  rock;  Fig.  250  (Ariz.)  represents  a  section 
where  faulting  has  produced  complicated  stratigraphic  relations;  while 
251  (Cal.)  shows  the  sj-stem  where  it  is  notably  deformed  and  meta- 
morphosed.   Figs.  244  and  245  show  the  system  in  still  other  relations. 

West  of  the  Paleozoic  land  area,  which,  in  the  vicinity  of  the  40th 

»  Girty,  Professional  Paper,  No.  16,  pp.  258-267. 

•  Knight,  Bull.  45,  Wyoming  Experiment  Station,  1900. 

•Keyes,  Am.  Jour.  Sci.,  Vol.  XV,  1903,'  p.  207. 

«  Weeks  (cited  by  Spurr)  and  Spurr,  Bull.  208,  U.  S.  Geol.  Surv.,  pp.  32  and  166-172, 
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parallel,  lay  west  of  the  117th  meridian,  Carboniferous  strata  are  known 
at  various  points.    They  make  up  the  body  of  the  Blue  mountains 


Fig.  249. — Section  showing  the  relations  of  the  Carboniferous  system  at  one  point 
in  the  vicinity  of  Tintic,  Utah.  €  (Tintic  quartzite)  =  Cambrian;  C  (Mammoth 
limestone)  =  Carboniferous;  rm  (monzonite)  and  srh  (rhyolite)  =  igneous  rock; 
Pa/ = alluvium.  The  section  shows  that  much  of  the  sedimentary  rock  was  dis- 
turbed and  displaced  by  the  extrusion  (or  intrusion)  of  the  lava.  Length  of  sec- 
tion about  3  mues.     (Tower,  U.  S.  Geol.  Surv.) 

in  Oregon,^  they  occur  in  the  Klamath  mountains  of  northern  Cali- 
fornia and  southern  Oregon,^  at  many  points  in  the  western 
portion  of  the  Sierras  in  California,^  and  probably  in  the  Cascade 
Mountains  of  Washington.'*  It  is  possible  that  the  Carboniferous  seas 
surrounded  the  great  land  area  which  lay  between  longitude  117^ 
and  121*^  in  the  vicinity  of  the  40th  parallel,  and  which  had  an  imknown 
extension  north  and  south. 

North  of  the  United  States,  Carboniferous  strata  (largely  Lower 
Carboniferous)  outcrop  on  the  west  side  of  the  northward  continu- 
ation of  the  Great  Plains,^  and  perhaps  on  the  east.    The  strata  of 


Fio.  250. — Structure  near  Bisbee,  Ariz.  p«=pre-Cambrian;  €b  and  Ca= Cam- 
brian; Z>m  =  Devonian;  3fe=Mississippian;  Co  =  Pennsylvanian;  Q/d=  Quater- 
nary; grp= granite  porphyry  (Triassic  or  Jurassic).  Length  of  section,  a  little  more 
than  one  nule.     (Ransome,  U.  S.  Creol.  Surv.) 

these  belts  are  probably  continuous  beneath  the  younger  strata  which 
occupy  the  surface  between  them  and  they  are  probably  also  con- 

»  Lindgren,  Science,  Vol.  XIII,  N.  Ser.  1901,  p.  271. 

>  DiUer,  Am.  Jour.  Sci.,  Vol.  XV,  p.  348,  1903. 

>  Folios  U.  S.  Geol.  Surv.,  and  King,  Geol.  Surv.  of  40th  ParaUel,  Vol.  I. 

*  Smith,  G.  O.     Mount  Stuart,  Wash.,  folio,  U.  S.  Geol.  Surv. 

•  Dawson,  Science,  March  15,  1901. 
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tinuous  to  the  southward  with  the  Carboniferous  formations  of  the 
United  States. 

The  system  is  widespread  on  both  sides  of  the  Gold  range  of  British 
Columbia.    West  of  that  range,  the  formations  of  the  system  (includ- 


FiG.  251. — Section  showing  the  Carboniferous  in  the  Sierras  of  central  California. 
C  (Calaveras  formation)  =  Carboniferous;  J  (Mariposa  slates)  =  Jurassic;  mdi 
=  metadiorite;  aws  =  amphibolite  schist;  AT  =  igneous  rock  of  various  sorts,  of 
Neocene  age.     Length  of  section  about  6i  miles.      (Ransome,  U.  S.  Geol.  Sur\'.) 

ing  the  Lower  Carboniferous)  contain  much  volcanic  rock,  the  greater 
part  of  which  was  extruded  before  the  close  of  the  period.  The  igneous 
activity  of  the  time  extended  northward  beyond  the  boundaries  of 
British  Columbia  into  the  little-known  Northwest  Territory/  and 
southward  into  the  United  States.  The  Pennsylvanian  system  2  is 
continued  northward  into  Alaska,  where  it  is  less  wide-spread  than  the 
Mississippian  so  far  as  present  knowledge  goes.  In  the  arctic  regions 
of  America,  the  Mississippian  and  Pennsylvanian  are  not  differentiated, 
but  one  or  both  are  believed  to  be  somewhat  widespread.  The  same 
systems  also  find  meager  representation  in  Mexico  and  Central  America. 

Sections  of  the  Mississippian  and  Pennsylvanian  Systems. 

The  following  sections  of  the  Pennsylvanian  system  (togethei 
with  the  Mississippian  and  in  some  cases  the  Permian)  at  various 
points  within  the  United  States,  supplement  those  given  in  the 
Appendix  and  give  some  idea  of  the  range,  variations,  and  relation 
of  the  system: 

*  Dawson,  Science,  March  15,  1901. 
'  Brooks,  Professional  paper,  p.  19. 
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Names  of  Furmationa. 

Thickness 
in   Feet. 

Characteristics. 

-7«  ^'   f  Summit  removed  by  erosion 
g  .2     Pottsville  formation. .  . . 

fS  ^  l  Sharon  conglomerate 

Unconformity. 

^  c  j-  Mauch  Chunk  shale 

•S.2  .  Os\i'ayo  formation 

;2  r  ^  (Lower  part  of  Oswayo  prob- 
i^-y"  L      ably  Devonian.) 

200 
60-100 

0-40? 
1000  ± 

Sandstone,  black  shale,  and  fire-clay,  with 

a  three-foot  coal-bed  in  the  upper  part. 
White  quartz  conglomerate  and  sandstone. 

Red  sliale. 

Varicolored  sandstone  and  shales. 

Section  in  Southwestern  Pennsylvania.' 


Names  of  FormaUons. 

Thickness 
in  Feet, 

Characteristics. 

.1  c   f  Summit  removed  by  erosion 

fe.2- 

Dunkard  series    

400  + 

Blue  to  black  limestone,  weathering  white; 

^b' 

coarse  sandstone  at  the  base;   contains  a 

number  of  thin  coal-beds. 

Monongahela  series 

380  ± 

Blue  limestone  with  calcareous  shale-beds; 
lentils  of  sandstone  and  coal;    the  most 

% 

important  coal-bearing  formation  in  south- 

*c 

western  Pennsylvania,  and  contains  the 

5 

Pittsburg  coal  seam. 

•r 

Conemaugh  series 

590  ± 

Chiefly  red  and  green  shales,  with  inter- 

fl 

stratified  beds  of  coarse  sandstone  and 

thin  beds  of  coal. 

£     Allegheny  series 

270  ± 

Shales,  sandstone,  and  three  important  coal- 
beds. 
Generally  coarse   hard  sandstone  or  con- 

1 

[  Pottsville  sandstone.  .  .  . 

180± 

glomerate,  inclosing  a  thin  irregular  bed 

of  shale;    equivalent  to  the  uppermost 

beds  of  the  Pottsville  formation  in  the 

Unconformity. 

type  locality. 

g 

f  Mauch  Chunk  shale 

250 

Red  and  green  shales  with  beds  of  greenish 

a 

sandstone,    inclosing    a    lentil    of    blue 

Cm 

fossiliferous  limestone,  which  is  the  thin 

* 

edge    of    the    Greenbrier     limestone    of 

$ 

Virginia. 

^ 

^  Pocono  sandstone 

300  + 

Sandstone,    varying     from     thin-bedded 

flag^  rock  to  coarse  irregularly  bedded 
conglomerate;  beds  of  silicious  limestone 

at  the  top. 

Devonian. 

Strata  in  broad  gentle  folds. 

*  Fuller,  Gaines  (Penn.)  folio,  U.  S.  Geol.  Surv. 

'Campbell,  >Iasontown-Uniontown  (Penn.)  folio,  U.  S.  Geol.  Surv. 
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Generalized  Section  for  West  Virginia.* 


Names  of  Formations. 


Thickness 
in  Feet 


Characteristics. 


I 


Dunkard  series. 


Monongahela  series. 


1020 


381 


Elk  River  series  or  Bar- 
ren Measures 

(Corresponds  to  Conemaugh 
series.) 


Allegheny    (including 
Kanawha)   series.  .  . 


584 


264 


Pottsville  conglomerate . 

Unconformity. 
Mauch  Chunk  shales.  . . . 


Moxmtain  or  Greenbrier 
limestone 


200-1500 


150 


Pocono  sandstone. 


Devonian. 


90 
200 


380 


Red  shales,  massive  sandstones,  thin  lime- 
stones, and  a  few  thin  beds  of  coal; 
rocks  slightly  gypsiferous;  fresh-water 
deposits. 

Much  limestone;  a  little  red  shale;  some 
massive  sandstones,  one  of  which  is  the 
the  uppermost  "  oil  sand  "  yet  developed 
in  the  Appalachian  field;  five  coal-beds, 
the  most  important  of  whichis  the  Piits- 
burg  seam;  Permo-Carboniferous  flora; 
fresh-water  fauna. 

Much  red  shale  in  upper  two  thirds;  Permo- 
Carboniferous  fauna  and  flora;  thin 
limestones,  three  or  four  thin  coal-beds; 
several  important  sandstone  beds,  two 
of  Avhich  carry  oil.  Lower  half  of  series 
of  marine  or  littoral  origin. 

Dark  shales  and  gray  sandstones,  with  five 
important  coal-beds  and  two  or  three 
thin  beds  of  limestones;  one  oil  and  pas 
horizon;  marine  fossils;  typical  Cosl 
Measures  flora. 

Massive  pebbly  sandstones,  usually  bearing 
salt  water;  separated  by  dark  shales 
which  hold  thin  coal  seams  at  the  north 
and  important  ones  at  the  south. 

Soft  red  shales  interstratifled  with  green 
sandstones  and  impure  limy  beds.  J^eries 
thins  and  disappelars  westward;  thick- 
ness given  is  for  Monongahela  and 
Marion  Counties. 

Hard  gray  limestone. 

Big  Injun  oil  sand,  including  Keener  sand 
horizon  at  the  top;  one  of  the  most 
important  oil  and  gas  horizons  in  the 
State. 

Shales  and  sandstones,  including  Smith's 
Ferry  oil  sand,  and  possibly  Bcrea. 


*  White,  West  Virginia  Geol.  Surv.,  Vol.  I,  p.  212.     The  section  for  Maryland  is 
very  similar  to  the  above.     See  Prosser,  Jour,  of  Geol,  Vol.  IX,  pp.  422-429, 
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Section  in  Western  Virginia.* 


Names  of  FonnationB. 


Thickness 
in  Feet. 


Characteristics. 


Summit  removed  by  erosion. 

Wise  formation 

Gladeville  sandstone.  . . 
Norton  formation 


Lee  formation. 


Unconformity. 
'  Pennington  shale . . 


Newman  limestone. 


Grainger  formation 

The  lower  part  of  this  forma- 
tion is  Etevonian. 


100  + 

100 

1200-1300 

1500  ± 


1040-1100 
1000  ± 

1000-1500 


Shale,  sandstone,  and  coal-beds. 

Coarse  sandstone,  locally  conglomeratic. 

Shale,  sandstone,  and  coal-beds;  the  import- 
ant coal-bearing  formation  of  the  region. 

Coarse  massive  conglomerate;  shale  with 
coal-seams;  sandstone,  generally  free 
from  pebbles,  with  shale  layers;  shale 
with  coal-seams;    massive  sandstone. 

Red  and  green  argillaceous  shale;  occasional 
beds  of  sandstone  and  impure  limestone. 

Calcareous  shale  with  beds  of  impure  lime- 
stone; heavy-bedded,  blue  limestone, 
slightly  cherty  toward  the  base. 

Argillaceous  and  calcareous  shale;  sandy 
shale,  and  thin-bedded  sandstone. 


Strata  folded  and  faulted. 

Section  in  Southern  W^est  Virgini.\  and  Western  Virginia.* 


Names  of  Formations. 


Thickness 
in  Feet. 


Characteristics. 


Upper  part  wanting. 
Charleston  sandstone. . 
Kanawha  formation.  . 


Guyandot  sandstone.  . 
Harvey  conglomerate.  . 

Sewell  formation 

Raleigh  sandstone.  . . . 
Quinnimont  shale 

Clark  formation 

Pocahontas  formation. 

"  Bluestone  formation.  . 


Princeton  conglomerate. 

Hinton  formation 

Bluefield  shale 

Greenbrier  limestone. . . 


500 -f 
1000  ± 


10-100 
0-50 

650-700 
300 
300 


Pulaski  shale 

^  Price  sandstone. 


380 
360 

800 


40 

1250-1300 

1250-1350 

1500 


20-300 
200-300 


Coarse  sandstone  with  beds  of  coal. 

Sandy  and  argillaceous  shales;  soft  sand- 
stone, and  numerous  seams  of  coal,  many 
of  workable  thickness. 

Coarse  sandstone  or  conglomerate  (lentil). 

Massive  conglomeraate  (lentil). 

Sandy  and  argillaceous  shale  and  sandstone. 

Coarse  sandstone  in  heavy  beds. 

Shale  with  thin  beds  of  sandstone  and  a 
few  coal-seams;    Quinnimont  coal-bed. 

Sandstone  with  some  shale  and  coal-beds. 

Pocahontas  (No,  3)  bed  of  coal;  gray  and 
green  amllaceous  sandstone  and  shale. 

Purple  shde  and  thin  red  sandstone,  with 
calcareous  beds,  sometimes  taking  the 
form  of  limestone  conglomerate. 

Coarse  sandstone  or  conglomerate;  calcare- 
ous matrix  locally. 

Purple  shale,  green  and  purple  sandstone, 
and  impure  limestone  or  calcareous  shale. 
Blue  limestone  and  calcareous  sandstone; 
calcareous  shale. 

Alternating  shale,  and  heavy -bedded,  blue 
fossiliferous  limestones;  heavy  beds  at 
base  carry  black  chert. 

Bright  red  or  purple. 

Coarse  yellow  sandstone  interbedded  with 
sandy  shale  and  coal-beds. 


Strata  gently  folded. 

>  Campbell,  Bristol,  Va.-Tenn.  folio,  U.  S.  Geol.  Surv.     Unconformity  between  the 
Pennington  and  Lee  formations  is  implied,  but  not  aflSirmed,  in  the  text  of  this  folio. 

>  Campbell,  Pocahontas,  Va.-W.  Va.  folio,  U.  S.  Geol.  Surv. 
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Section  in  East-Central  Kentucky.* 


Names  of  Formations. 


Thicknesa 
in  Feet. 


Characteristics. 


Summit  removed  by  erosion. 
Corbin  conglomerate.  .  . 

Unconformity. 
Lee  formation 


Rockcastle     conglomer- 
ate lentil 


a -a 


Unconformity. 
Pennington  shale .. . 
Newman  limestone. 
Waverly  formation. 


90 


250-300 


0-90 
100-200 
350-420 


Devonian. 


Coarse  pink  sandstone  or  conglomerste 
(lentil). 

Shale  and  sandstone  with  coal-beds;  out- 
crops of  coal  are  of  limited  extent;  resu 
on  rennington  shale  in  places. 

Coarse  conglomerate,  miconformable  on  the 
Pennington  shale  or  on  Newman  limestone. 

Red  and  green,  with  thin  beds  of  limestone. 

Blue,  slightly  cherty  near  the  base. 

Fine  green  shale  with  "  iron  concretion.^; 
green,  calcareous,  and  argillaceous  sand- 
stone. 


Strata  nearly  horizontal. 


Section  for  Ohio.' 


Names  of  Formations. 


Thickness 
in  Feet. 


Ciiaracteristics. 


Permian. 

Dunkard  series. 


Monongahela  series 

Conemaugh  series 

Allegheny  series 

Pottsville  conglomerate. . 

Unconformity. 

Maxville  limestone 

Logan  group 

Black  Hand  conglomer- 
ate  

Cuyahoga  shale 


Sunbury  shale. 
Berea  grit.  .  . . 


.  Bedford  shale. 
Devonian. 


525 

200-250 

400-500 

165-300 

250  ± 


25  ± 
100-150 

50-500 
150-300 


5-30 
10-135 


50-150 


Sandstone,  generally  massive;  shales,  lime- 
stones, and  thin  coal-beds;  beds  non- 
marine  at  least  in  part. 

Shales,  limestones,  and  sandstones;  impor- 
tant coal-beds. 

Upper  part  mainly  shales;  lower  part  sand- 
stones, with  some  shale  and  limestone. 

Shales,  limestones,  and  sandstones,  with 
important  coal-beds. 

Light-colored  sandstones  and  conglomerates, 
with  some  shale  and  a  few  coal-beds. 

Fossiliferous  limestone,  often  biecciated. 
Sandstone,  massive  conglomerate,  and  shale. 

Sandstone  and  fine  conglomerate. 

Light-colored,  argillaceous,  with  thin  sand- 
stone bands;  shales  contain  ferruginous 
nodules. 

Black  bituminous  shale. 

Sandstone,  important  for  building  purposes 
and  for  grindstones;  locally  a  repo6itor\' 
for  oil,  gas,  and  brine. 

Thin-bedded  shales,  with  occasional  thin 
beds  of  sandstone. 


Strata  dip  at  low  angles. 

» Campbell,  Richmond  (Ky.)  folio,  U.  S.  Geol.  Surv. 

*  Prosser,  Jour,  of  Geol.,  Vol.  XI,  pp.  520-521;  Orton,  Geol.  Surv.  of  Ohio,  Vol  \T. 
pp.  33-39. 
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Section  in  Northern  Missouri.* 


Names  of  Formations. 


Thickness 
in  Feet. 


Characteristics. 


fN 

£3 

1 

Misso 
Seri 

> 

1 

»  Moines 
Series. 

[Q 

§ 

■-J 


(Not  subdivided) . 


Pleasonton  shales 

Henrietta  formation. . , 
Cherokee  shales 


Unconformity. 
Discontinuity. 

Kaskaskia  limestone. 

Aux  Vases  sandstone. 
St.  Genevieve  limestone 
St.  Louis  limestone.  . 
Warsaw  formation.  . . 


Keokuk  formation. 


Discontinuity. 

Upper  Burlington  lime- 
stone  

Lower  Burlington  lime- 
stone  

(Unnamed) 


a  5 


{Hannibal  shales 
Louisiana  limestone.  . . 


Devonian. 


1000 

150 

90 

100-400 

150 


90 


100 


200 

80 

50 

150 

80-100 

50 


50 

9 
72 

48 


Shales  and  limestones,  the  former  pre- 
dominant. 

Shale  and  sandstone. 

Shale  and  limestone. 

Shale  and  sandstone. 

Shale  and  sandstone;  occasional  thin 
beds  of  concretionary  limestone,  and 
one  or  two  thin  beds  of  coal. 

Shales,  resistant  limestones,  sandstones, 
and  clays;  one  or  two  beds  of  coal  of 
commercial  importance. 

Ck)nglomerate  at  the  base,  grading  into 
sandstone  above  and  this  into  shale; 
coal-beds  and  occasional  beds  of 
limestone  of  limited  extent. 

Thin  beds  of  gray  limestone  and  bluish 

marl,  rich  in  fossils. 
Fine-grained  ferruginous. 
Thick-bedded. 

Heavy-bedded,  gray,  odlitic  at  base. 
Gray  and  bluish-gray  limestone;  fossils 

numerous. 
Limestone,  massive,  compact,  white  in 

color  and  highly  fossiliferous. 

Thin-bedded  at  the  top,  more  massive, 
encrinital  below;  cherty. 

White,  bluish  or  brown  in  color;  heavy- 
bedded;  largely  encrinital. 

Yellow,  massive  or  thick-bedded,  rather 
soft,  fine-ffrained  limestone.' 

Green,  sandy  above;  brown,  sandy, 
grading  into  soft  sandstone. 

Buff  to  gray,  comjMtct,  fine-grained  in 
thin  layers;  similar  to  lithographic 
stone  in  texture. 


^  Pennsylvanian  section  is  generalized  for  the  northern  part  of  the  state;  Mar- 
but,  Missouri,  Geol.  Surv.,  Vol.  XII,  pp.  267-269.  The  Mississippian  section,  above 
the  Keokuk,  is  for  St.  Genevieve  Co.;  Shumard,  Geol.  Surv.  of  Missouri,  1855-71, 
pp.  292-293,  and  Keyes,  Missouri,  CJeol.  Surv.,  Vol.  IV,  p.  48.  Below  the  Keokuk, 
the  section  is  that  exposed  at  Louisiana,  Mo.;  Proc.  Iowa  Acad.  Sci.,  1896,  VoL  IV, 
pp.  26-27. 

'  This  bed  has  been  correlated  with  the  Ghouteau  limestone  which  is  well 
developed  in  central  and  southwestern  Missouri,  but  this  correlation  is  probably 
incorrect. 
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Section  in  Arkansas.' 


Names  of  Formations. 

Thickness 
in  Feet. 

r 

Potean  beds 

3500 
1800 

Not  described  in  detail. 

^-. 

Productive  beds 

Mainly  shales  and  sandstones  with  some 
coal-beds. 

II' 

Barren  beds 

18480 

Disoontinuity. 

Millstone  grit 

500 

Sandstones  and  conglomerates;    friable 

to  hard  and  oomp^;  buff  or  brown; 

occasionally  thin  seams  of  limonite. 

'  Kessler  limestone 

3-15 

Thin-bedded. 

1 

Coal-bearing  shale 

60-90 

Highly    fossiliferous;    coal  seams    6-14 
inches  thick. 

Pentremital  limestone.  . 

0-90 

Impure,    dark-colored,    loose-textured; 

eg 

sometimes  interbedded  with  sandstone. 

a  ' 

Washington  sandstone 
and  snale 

40-75 

Sandstone  and  gray  shale  in  van'in^ 

4 

1 

Archimedes  limestone. . 

0-80 

proportions. 

Light   gray  limestone,   rich    in    Archi- 
medes. 

Black,  bitimunous  shale. 

Marshall  shale 

0-250 

a 

Batesville  sandstone. .  . 

10-200 

Sandstone,    sometimes    massive    croes- 
bedded  in  places. 

1' 

*8 

Sprinff  Creek  black  shale 
and  limestone 

g 

300 

Black  to  bluish  or  yellowish  brown  in 

color. 
Sandstone,  rather  soft. 

0-9 

Boone  chert  (including 

St.  Joe  marble) 

370 

Interbedded  strata  of  chert  and  lime- 
stone in  vaiying  proportions;  oontains 
St.  Joe  marble,  25-40  feet. 

^ylamore  sandstone 

0-40 

Hard    or   saccharoidal    sandstone    and 
thin-bedded  black  shale;  phosphates. 

Eureka  shale 

0-50 

Uneonformity. 

Silurian. 

^  The  section  above  the  Millstone  Grit  is  for  the  Arkansas  River  valley;  that  below, 
for  the  northern  part  of  Arkansas.  Adams,  22d  Ann.  Rept.,  U.  S.  Geol.  Surv.,  Ft.  II. 
pp.  83-89;  Simonds,  Ark.  GeoLSurv.,  Ann.  Kept.  1888,  Vol.  IV,  pp.  26-106;  Hopkins, 
ibid.  1890,  Vol.  IV,  pp.  90-94,  253;  Penrose,  ibid.  1890,  VoL  I,  pp.  129-139;  Williams, 
ibid.  1892,  VoL  V,  pp.  273-322;  Branner,  Am.  Jour.  Sol.,  4th  series,  VoL  II,  lS9r'n 
p.  235. 
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Section 

IN  Northern  Texas.* 

Names  of  Formations. 

Thickness 
in  Feet. 

Characteristics. 

r  Albany  division 

0-1180 

840 

800-930 

950-3700 
1000 

Thick     beds    of    limestone,    generally 

separated  by  shaly  layers. 
Shales y  with   thin   beds   of   limestone, 

.2 

Cisco  division 

> 

Canyon  division 

sandstone,  conglomerate  and  coal. 
Limestone  and  shale  with  local  beds  of 

g 

Straw  division 

sandstone  and  conglomerate;  no  coal. 
Sandstone  and  shale;  no  coal. 

f£ 

Millsap  division 

Blue  and  black  shale  interstratified  with 

Ordovician? 

occasional   limestone  and   sandstone 
strata. 

Section  in 

West-Central  Colorado.  > 

Names  of  Formations. 

Thickness 
in  Feet. 

Characteristics. 

Jura^Trias 

Conglomerate  and  sandstone  in  heavy 

beds;  material  is  derived  chiefly  from 

f 

the  Archean,  but  some  of  the  con- 

2500 

glomerate  contains  limestone  pebbles 
derived  from  the  Mississippian  beds; 
occasional  thin  beds  of  lossiliferous 

Maroon  conglomerate 

i 

limestone. 

1 

> 

Quartzose  conglomerate,  grit  and  sand- 

stone,    with     varying     amounts     of 

*>»" 

pebbles  derived  from  the  Weber  and 
Leadville  formations,  sometimes  form- 

« 

2000 

a> 

Fhunal  break.* 

ing   the  bulk   of  the   deposit;    thin 

e^ 

interbedded  layers  of  fossiliferous 
limestone. 

Weber  limestone 

100-550 

Dark  gray  to  black  shale,  with  limestone 

beds  carrying  black  chert. 

Unconformity. 

•2  S  f 
» 'S.    Leadville  limestone 

400-525 

The    upper    third    massive,    blue    and 

^'S 

cavernous;    lower  two  thirds  bedded 

gray  to  brown;  dark  cherts. 

Silurian. 

Rocks  faulted  and  somewhat  folded. 

*  Cummins,  Geol.  Surv.  of  Texas,  2d  Ann.  Rept.,  pp.  361-375. 
»Eldridge,  Anthracite-Crested  Butte  (Colo.)  folio,  U.  S.  Geol. 

•  Girty,  Professional  Paper  No.  16,  pp.  258-267. 
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The  Cod. 

The  general  conditions  under  which  sandstone,  shale,  and  lime- 
stone originate  have  already  been  stated,  and  need  not  be  here  repeated, 
but  in  the  discussion  of  the  formations  of  the  preceding  periods  there 
has  been  no  occasion  to  consider  the  formation  of  coal.  From  its 
economic  importance,  this  sort  of  rock  has  been  studied  with  more 
care  than  most  others,  and  geologists  are  agreed,  in  a  general  way 
at  least,  as  to  its  mode  of  origin. 

Origin. — ^There  is  no  doubt  that  the  coal  is  of  vegetable  origin. 
Except  by  the  accumulation  of  vegetable  matter,  no  way  is  known 
by  which  such  beds  of  carbon  could  be  brought  into  existence.  Fur- 
thermore, the  coal  and  its  associated  shales  contain  abundant  remains 
of  plants,  and  sometimes  even  recognizable  tree-trunks,  in  the  form  of 
coal,  and  microscopic  study  has  revealed  the  remarkable  fact  that  the 
coaJ  itself,  even  the  hardest  anthracite,  is  often  but  a  mass  of  altered, 
though  still  recognizable,  vegetable  tissues.  Concerning  the  exact 
manner  in  which  the  beds  of  vegetable  matter  accumulated,  there 
is  some,  difference  of  opinion,  and  concerning  the  conditions  under 
which  it  was  converted  into  the  various  sorts  of  coal,  there  is  still 
more.^ 

Much  of  the  coal  is  essentially  pure,  containing  little  matter  of 
any  sort  which  was  not  in  the  plants  which  gave  origin  to  it.  Purity 
does  not  mean  freedom  from  ash,  since  mineral  matter,  which  on 
combustion  becomes  ash,  is  present  in  all  plants.^  Along  with  the 
large  amount  of  coal  which  is  pure,  or  nearly  so,  there  is  much  which 
contains  some  admixture  of  earthy  matter.  Where  the  admixture 
of  earthy  matter  is  small,  the  coal  may  still  be  used;  but  from  poor 
coal  of  this  sort,  there  are  all  gradations  into  carbonaceous  shale,  the 
percentage  of  carbon  becoming  so  low  as  to  show  itself  only  in  a  black 
color.    Black  shales  are  common  associates  of  coal-beds. 

The  purity  of  many  coal-beds,  not  only  locally  but  over  great  areas, 
seems  to  warrant  the  conclusion  that  such  beds  were  made  of  vegeta- 
tion which  grew  where  the  coal  now  is.    The  vegetation  concerned 

^  Discussions  concerning  the  origin  of  coal  are  to  be  found  in  many  of  the  geological 
reports  of  the  States  where  coal  occurs,  notably  Ohio,  Pennsylvania,  Illinois,  Iowa, 
Missouri,  and  Arkansas. 

'  Many  of  the  modem  allies  of  the  coal-plants  contain  as  much  as  five  per  cent 
of  ash,  and  some  as  much  as  twenty. 
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was  land  or  swamp  vegetation.  Had  it  been  washed  down  from  the 
lajid  where  it  grew  into  the  situations  where  the  coal  is,  and  appar- 
ently there  is  no  other  way  in  which  it  could  have  been  drifted  together, 
it  should  have  been  mixed  with  earthy  sediment,  and  the  product, 
even  where  the  vegetable  matter  had  undergone  the  necessary  changes, 
would  have  been  very  unlike  the  purer  coal-beds  now  known.  Fur- 
thermore, the  nearly  uniform  thickness  of  many  of  the  coal-beds  over 
great  areas,  sometimes  many  thousand  square  miles,  constitutes  a 
strong  objection  to  the  hypothesis  that  it  was  drifted  together  by 
any  process  whatsoever. 

In  support  of  the  theory  that  the  vegetation  grew  where  the  coal- 
beds  now  are,  many  facts,  in  addition  to  the  purity  and  the  uniformity 


Fig.  252. — Showing  a  stump  standing  as  it  grew  in  Coal  Measures  near  Glasgow, 

Scotland. 

of  thickness  already  cited,  may  be  noted.  Thus  (1)  beneath  each 
coal-bed  there  is,  as  a  rule,  a  layer  of  clay  often  filled  with  roots  in 
the  position  of  growth.  The  clay  seems  to  have  been  the  soil  in  which 
the  coal  vegetation  was  rooted  in  the  earliest  stages  of  the  accumu- 
lation. (2)  In  association  with  the  coal-beds,  the  stumps  of  trees 
are  sometimes  found  still  standing  as  they  grew  (Fig.  252).  (3)  In 
the  coal-beds,  or  in  the  associated  layers  of  shale,  imprints  of  the  fronds 
of  ferns  are  found.  They  are  often  so  numerous  and  their  forms  so  per- 
fect as  to  indicate  that  they  were  buried  where  they  fell,  rather  than 
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that  they  were  drifted  by  movmg  waters  from  one  place  to  another. 
(4)  The  layer  of  rock  next  overlymg  a  coal-bed  often  contains  abiiiidant 
remains  of  vegetation,  especially  in  its  lower  part,  as  if  the  condi- 
tions which  brought  about  its  deposition  resulted  in  the  destruction 
of  the  forest  growths  which  had  preceded.  In  such  situations,  tnmks 
of  trees  50  and  60  feet  long,  and  2  or  3  feet  in  diameter,  are  sometimes 
foimd.  (5)  The  vegetable  matter  in  and  about  coal-beds  is  made 
up  of  the  tnmks,  small  stems,  leaves,  and  fruits  of  the  various  plants 
concerned,  intermingled  in  such  manner  as  to  indicate  that  the  vegeta- 
tion grew  where  the  coal  now  is.  The  drifting  together  of  vegetation, 
while  it  would  not  have  completely  separated  these  various  constitu- 
ents one  from  another,  could  scarcely  have  left  them  conuningled  as 
they  are  now  found.^ 

While  it  is  confidently  believed  that  most  of  the  workable  coal 
represents  the  growth  of  vegetation  in  situ,  it  is  not  to  be  understood 
that  coal  was  never  formed  from  vegetation  which  drifted  together, 
or  that  "  drifted  "  vegetation  never  entered  into  the  formation  of  coal. 
In  some  of  the  small  coal-basins  of  France,  much  vegetation  washed 
down  from  the  land  is  said  to  have  entered  into  the  coal,^  and  the 
same  may  be  true  elsewhere. 

We  have  now  to  inquire  in  more  detail  concerning  the  conditions 
under  which  the  coal-beds  were  formed.  The  things  to  be  accounted 
for  are  three:  (1)  The  conditions  under  which  the  necessary  bodies 
of  vegetation  accumulated,  often  essentially  free  from  the  admixture 
of  sediment;  (2)  how  it  was  kept  from  decay;  and  (3)  how  it  was 
changed  into  coal. 

Swamps  and  marshes  are  the  only  places  where  vegetal  matter 
is  now  accumulating  in  quantity,  with  little  admixtm^  of  sediment. 
Where  swamps  are  large,  or  where  their  surroundings  are  sufficiently 
low  to  prevent  the  inwash  of  sediment,  vegetation  is  accimiulating, 
uncontaminated  with  any  notable  amount  of  sand  or  mud.  In  the 
marshes  along  some  parts  of  the  Atlantic  coast,  for  example  (Fig.  253.\ 
there  are  great  quantities  of  vegetal  matter  which  is  locally  naixel 
with  little  sediment.    Likewise  in  Dismal  Swamp,  vegetable  noatter. 

'  For  expositions  of  the  theory  that  the  coal-plants  grew  where  the  coal  is  found 
see  Logan,  Trans.  Geol.  Soc,  VI,  1842,  p.  495;  Newberry,  Am.  Jour.  Sci.,  XXIll. 
1857,  p.  212,  and  Geol.  of  Ohio,  Vol.  II,  p.  125. 

>Geikie,  Text-book  of  Geolog\',  3d  ed.,  p.  808. 
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essentially  free  from  sediment,  and  composed  of  the  trimks,  branches, 
leaves,  and  fruits  of  the  trees,  shrubs,  and  herbs  which  grow  there, 
has  been  long  accumulating,  and  its  mass  is  now  great.  In  various 
cypress  swamps,  too,  great  thicknesses  of  vegetable  matter  are  found, 
essentially  free  from  foreign  matter.    The  same  is  true  of  mangrove 


Fig.  253. — ^Map  of  the  Cape  May  peninsula,  showing  coastal  marshes.    The  unshaded 
areas  inside  the  coast  line  are  dry  land. 

swamps,  which  differ  from  the  cypress  swamps  in  that  they  spread 
into  salt  water.  The  multitude  of  marshes  and  peat-bogs  in  the  United 
States  and  Canada  are  further  illustrations  of  the  accumulation  of 
vegetable  matter,  sometimes  mixed  with  abundant  sediment  and  some- 
times nearly  free  from  it. 

The  vegetation  in  such  situations  need  not  be  more  luxuriant  than 
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on  moist  lands  which  are  not  swampy.  On  fertile  prairies  and  in 
great  forests  the  annual  growth  of  vegetation  is  great;  but  as  the 
leaves,  fruits,  twigs,  and  trimks  fall,  they  decay,  and  the  larger  part 
of  their  substance  is  returned  to  the  atmosphere.  If  the  decay  of  vegeta- 
tion does  not  keep  pace  with  its  growth  and  death,  an  imdecayed 
or  partially  decayed  residuum  of  organic  matter  remains,  giving  the 
soil  a  black  color.  It  is  a  matter  of  common  knowledge  that  black 
soils  are  more  conmion  in  moist  regions  than  in  dry  ones,  in  cool  regions 
than  in  warm  ones,  and  on  flat  surfaces  than  on  sloping  ones.  In  a 
moist  region  there  is  more  growth  (and  therefore  more  death)  of  vege- 
tation than  in  a  dry  one,  and  a  better  chance  that  decay  will  not  keep 
pace  with  death.  Decay  is  less  rapid  in  a  cool  climate  than  in  a  hot 
one,  so  the  former  is  more  likely  to  have  a  residuum  of  partially  decawd 
organic  matter.  From  a  flat  surface  the  undecayed  organic  matter 
is  less  likely  to  be  removed  by  erosion  than  from  a  sloping  one,  and 
the  poorer  drainage  has  the  effect  of  greater  moisture.  Forests,  by 
shading  the  ground  and  checking  the  drainage,  have  the  effect  of  addi- 
tional moisture. 

An  increasing  blackness  of  the  soil  may  often  be  observed  as  the 
borders  of  a  marsh  are  approached.  The  increase  in  blackness  means 
an  increase  in  the  amount  of  undecayed  or  but  partially  decayed  organic 
matter,  and  this  in  turn  appears  to  be  immediately  connected  with 
the  increasing  moisture  of  such  situations.  In  the  marshes  them- 
selves, where  the  vegetation  falls  into  water,  it  usually  undergoc*s 
a  slow  decay  only,  and  not  that  type  of  decay  suffered  by  the  vegeta- 
tion which  falls  on  drier  lands.  The  preserving  influence  of  water 
is  seen  in  many  ways.  Posts  and  piles  set  partly  in  water,  jind 
partly  above,  decay  just  above  the  water-level,  while  the  portions 
below  remain  sound.  It  is  the  preservation  of  organic  matter  in  the 
water  of  marshes  and  very  shallow  lakes  which  converts  them  into 
peat-bogs,  for  the  peat  is  nothing  more  than  accumulated  vegetable 
matter  undergoing  those  changes  to  which  vegetable  matter  in  water 
is  subject. 

If  the  surroundings  of  a  marsh  be  low,  little  sediment  is  washed 
into  it,  and  there  is  every  gradation  from  the  earthy  soil  about  it, 
merely  colored  by  organic  matter,  to  the  deposit  in  the  marsh  itself, 
made  chiefly  of  organic  matter.  Given  continued  favorable  condi- 
tions, and  the  organic  matter  of  a  bog  may  become  very  deep,  as  it 


Hydrogen. 

Oxygen. 

Nitrogen. 

6.21 

43.03 

1.10 

5.50 

33.00 

2.00 
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now  is  in  Dismal  Swamp,  and  in  many  other  less  well-known  swamps 
and  bogs.  In  and  about  marshes  and  swamps  we  therefore  find  the 
conditions  for  the  accumulation  of  considerable  thicknesses  of  vegetable 
matter,  essentially  free  from  sediment,  and  at  the  same  time  the  con- 
ditions which  keep  it  from  decay. 

But  while  the  vegetable  matter  is  not  destroyed,  it  is  not  preserved 
intact.  The  composition  of  wood  and  peat  are  illustrated  by  the 
following  analyses  (the  ash  is  omitted),  though  it  is  not  to  be  under- 
stood that  either  wood  or  peat  has  a  constant  composition.  The 
difference,  it  will  be  seen,  is  not  great. 

Carbon. 

Wood 49.66 

Peat 59.50 

The  relative  atomic  proportions  of  carbon,  hydrogen,  and  oxygen 
in  wood  are  approximately  expressed  by  the  formula  C6H9O4.    In 
the  air,  the  carbon  and  the  hydrogen  of  the  wood  unite  with  the  oxygen 
^f  the  air  or  of  the  wood  itself,  forming  carbon  dioxide  and  water, 
le  principal  products  of  the  decay  of  vegetable  matter.    But  imder 
\ter,  the  atmospheric  oxygen  is  largely  excluded,  and  the  elements 
^he  wood  unite  with  one  another  to  a  larger  extent,  while  the  oxygen 
%e  air  plays  but  a  subordinate  part.    One  of  the  common  products 
^^cay  under  such  circumstances  is  CH4  (marsh-gas),  which  bubbles 
^om  many  swamps  and  escapes  into  the  atmosphere.    The  forma- 
^^H  this  gas,  as  its  composition  shows,  exhausts  the  hydrogen  four 
^^^\a  rapidly  as 'the  carbon.    If  the  carbon  of  the  wood  unites 
Y^  e  oxygen  of  the  wood,  forming  carbon  dioxide,  the  oxygen 
^  ^isted  twice  as  rapidly  as  the  carbon.    If  the  hydrogen  and 
^     .  en  of  the  wood  combine,  the  result  is  to  increase  still  more 
raping  percentage  of  carbon  remaining,  so  that  in  whatever  way 
these  ,^j^^  combine,  the  result  must  always  be  to  increase  the 
propo  ^£  carbon  remaining  in  the  solid.     Even  imder  water  it 
^  P^^  that  atmospheric  oxygen  dissolved  in  the  water  takes 
P*^  .  "  changes,   and  in  so  far  as  this  is  the   case,  the  pro- 
per ion  ,  ^j^  remaining  after  the  changes  have  taken  place  is 
(Uminisl 

^xact  quantitative  relations  of  the  reactions  which  take 
pace       '^nown,  and  are  probably  not  constant,  the  following 
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table  ^  suggests  certain  changes  which  might  take  place,  and  also  the 
products  which  would  remain  at  certain  stages  of  the  process : 

Wood  »  (timber) ....  C,eH„0«  =6(CoH,0,) 

r  8CO2 1 

Subtract  -  4CH,  >  =  C„H«Oa 

L6H2OJ 
And  there  remains      Cj^H^Oj  =  about  the  composition  of  brown  coal. 

Wood CaoH,,0,, 

r  6CO2I 

Subtract  J    4CH,   -  =CioH„0« 

LIOH2OJ 
And  there  remains      C„HjgO,,  which  falls  within  the  range  of  bituminous  coal. 


Wood CaoHj^Oj^ 

'  6C0,  1 
.    6CH.   . 

JlHaO. 
And  there  remains     Cs^IIgO,  which  falls  within  the  range  of  anthracite. 


Subtract 


=Ci,H^oOm 


Since  the  changes  above  are  changes  which  take  place  in  peat- 
bogs, the  altered  vegetation  there  found  appears  to  be  a  step  on  the 
way  from  the  ordinary  forms  of  vegetable  tissue  to  coal.    The  follow- 
ing table  ^  shows  the  composition  of  wood,  peat,  and  various  types  c 
coal.    From  a  comparison  of  this  table  with  the  preceding,  it  is  n' 
difficult  to  understand  how  vegetable  matter  is  converted  into  co 

Carbon.  Hydrogen.  Oxygen.  Nitrogen. 

1.  Wood 49.66            6.21  43.03             1.10 

2.  Peat 59.5              5.5  33.0              2.0 

3.  Browncoal 68.7              5.5  25.0              0.8 

4.  Bituminous  coal.  .    81.2              5.5  12.5              0.8 

5.  Anthracite 95.0              2.5  2.5              0.0 

If  the  vegetable  matter,  after  having  been  accumulated  t* 
depths  and  after  having  been  partially  altered,  say  to  the  c*^^ 
of  peat,  were  buried  beneath  beds  of  mud  or  sand,  it  would  ^ 
further  changes,  both  chemical  and  physical,  tending  to  bring:'^'' 
and  nearer  to  the  condition  of  coal.  The  oxygen  of  the 
then  be  more  effectually  excluded,  and  the  chemical  cha  ^^ 

*  After  Le  Conte,  Elements  of  Geology.  •  .  |. 

'  The  composition  of  cellulose  is  usually  given  as  CgHioO,  or  some  1? 
The  changes  can  be  developed  equally  well  from  this  formula. 
■  Le  Conte,  op.  cit. 
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largely  confined  to  the  constituent  elements  of  the  vegetable  matter. 
The  weight  of  the  sediment  would  compress  the  vegetable  tissues, 
and  it  is  believed  that  the  result  would  be  its  ultimate  conversion  into 
coal.  The  various  grades  of  coal,  bituminous,  anthracite,  etc.,  are 
thought  to  represent  different  stages  in  the  process  of  change. 

If  the  coal-beds  represent  the  Carboniferous  swamps,  as  they  are 
believed  to,  we  have  still  to  inquire  into  the  conditions  imder  which 
swamps  as  extensive  as  the  coal-beds  existed,  and  to  seek  the  explana- 
tion of  their  frequent  recurrence  (one  for  each  coal-bed)  in  many  regions. 

The  first  condition  for  a  swamp  is  lack  of  drainage,  and  the  second 
a  sufficient,  but  not  an  excessive  amount  of  water.  Enough  to  stop 
the  growth  of  vegetation  would  be  excessive,  and  too  little  to  preserve 
it  from  ready  decay  after  its  growth  and  death,  would  be  insufficient. 

In  the  course  of  the  widespread,  but  for  the  most  part  very  gentle, 
movements  which  affected  the  eastern  interior  at  the  close  of  the 
Mississippian  period,  great  areas  appear  to  have  emerged  from  the 
sea.  Early  in  the  Pennsylvanian  period,  considerable  tracts  which 
were  not  submerged  stood  so  low  as  to  be  ill-drained  or  undrained, 
and  constituted  marshes.  The  conditions  of  climate  and  moisture 
appear  to  have  been  such  as  to  allow  the  abundant  growth  of  vegeta- 
tion in  the  marshes.  On  falling  into  the  shallow  water,  or  upon  the 
water-soaked  bottom,  the  vegetable  matter  underwent  changes  of 
the  nature  indicated  above.  The  ill-drained  areas  were  thus  con- 
verted into  peat  bogs,  in  which,  in  many  places,  little  inorganic 
matter  was  mixed  with  the  organic.  The  longer  the  life  of  the  bog, 
the  deeper  the  peat  became.  The  rate  of  accumulation,  though  de- 
pending on  climate  and  on  the  abundance  of  vegetation,  is  always 
slow.  Under  very  favorable  conditions,  a  foot  of  peat  may  accumulate 
in  ten  years  or  even  less,  but  the  usual  rate  is  probably  much  slower. 
Peat  bogs  are  now  in  existence  in  which  the  depth  of  the  accumulated 
organic  matter  is  40  or  50  feet,  but  the  length  of  time  involved  in 
the  accumulation  is  not  known. 

Some  of  the  great  swamps  probably  came  into  existence  along 
the  sea-shores,  and  some  in  shallow  basins  or  undrained  areas  remote 
from  the  sea,  for  fresh-water  shells  are  found  in  association  with  some 
coal-beds,  and  marine  fossils  in  association  with  others. 

The  history  of  a  coal-bed. — Each  coal-bed  represents  the  accu- 
mulated vegetable  growth  of  a  long  period.     It  would  appear  that 
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the  growth  and  accumulation  of  vegetation  was  often  brought  to  an 
end  by  subsidence  which  let  the  water  (sea  or  lake  or  aggrading 
stream)  in  over  the  marshes,  drowning  the  plants,  and  burying  the  organic 
matter  which  had  already  accumulated,  under  deposits  of  mud,  sand, 
or  shells  which  the  submergence  brought  in  its 
train.  A  second  coal-bed  in  the  same  region 
points  to  the  recurrence  of  swamp  conditions, 
and  means  either  (a)  that  after  submergence  and 
burial  of  the  organic  matter,  slight  emergence  en- 
sued, caused  by  land  or  water  movement,  thus 
reproducing  the  conditions  for  bogs;  or  (6)  that 
by  sedimentation  the  sea  or  lake  bottom  where 
the  first  bog  had  been,  was  built  up  to  the  water- 
level,  restoring  swamp  conditions.  On  the  former 
hypothesis  (a),  two  successive  coal-beds  would 
represent  the  following  sequence  of  events :  (1)  A 
more  or  less  static  condition  with  tho  surface  ill- 
drained,  during  which  the  vegetable  matter  ac- 
cumulated; (2)  a  subsidence  of  the  land  or  a  rise 
of  the  water  during  which  the  vegetable  matter 
was  buried  by  sediment;  (3)  a  reverse  change, 
bringing  the  surface  again  to  the  condition  which 
it  occupied  in  the  first  place;  (4)  a  later  sub- 
mergence, effecting  the  burial  of  the  later  growth 
of  vegetation.  On  the  second  hypothesis  men- 
tioned above  (6),  but  one  movement  is  demanded. 
Stages  (1)  and  (2)  would  have  been  as  above,  but 
the  sedimentation  of  (2)  continued  until  the 
swampy  condition  of  the  region  was  reproduced 

^^^t^^'  "^f^thY^S  ^  ^  ^^^^'*  ^^  aggradation.  The  burial  of  the 
Measures  in  Kentucky,  vegetation  calls  for  further  submergence.  In  other 
^taljhickne^ss^        words,  the  first  hypothesis  calls  for  oscillation  of 

black    lines  =  coal,  level:   the  second,  for  successive  movements  of 
(Norwood,  U.  S.  Geol.  ,  , 

Surv.)  one  phase  only. 

The  number  of  coal-beds  is  often  great.  In  Pennsylvania  it  fre- 
quently (but  not  everywhere)  exceeds  20;  in  Alabama,  35  (not  all 
workable)  have  been  enumerated;  in  Nova  Scotia,  the  number,  includ- 
ing some  dirt-beds,  is  said  to  be  about  80;  but  in  the  Mississippi  basin 
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west  of  the  Appalachians,  the  number  is  often  less  than  a  dozen  (Figs.  254 
to  257).    Thus  in  Illinois  the  number  of  workable  beds  is  nine.^ 


/kjiz/i^ir  /T^ixo^i^al  jSc^o 
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Pio.  255. — Section  showing  coal  beds  (heavy  black  lines)  in  Bay  County,  Mich., 
Amelith  shaft.     (Lane,  U.  S.  Geol.  Surv.) 

If  the  foregoing  sequence  of  events  was  repeated  for  each  coal- 
bed,  it  is  manifest  that  the  surface  of  great  areas  of  the  continent  or 
else  the  surface  of  the  sea,  was  in  an  unstable  attitude  during  the  Car- 
boniferous period.  The  second  hypothesis  (6)  has  the  merit  (so  far 
as  it  is  a  merit)  of  greater  simplicity  than  the  first,  but  is  probably 
not  applicable  to  all  cases.  The  fact  that  local  unconformities  abound 
in  the  Coal  Measures  (Ind.,  111.,  la.,  el  alf  Figs.  258  to  260)  shows  that 
the  surface  was  locally  out  of  water  and  subject  to  erosion  at  vari- 


'^'^     jAU, 


t±^b==;g-Ai^ 


Fig.  256.— Section  showing  coal  belt  (heavy  black  lines)  along  the  Pere  Marquette 
Ry.,  Mich.,  east  from  Alma.     (Lane,  U.  S.  Geol.  Surv.) 

ous  times  and  places  in  the  course  of  the  period.  This  points  to  changes 
in  the  relative  level  of  land  and  water  (partly  the  sea  and  partly  land 
waters),  though  it  does  not  show  which  was  the  changeable  element. 
When  it  is  remembered  that  many  relative  changes  of  level  may  have 
taken  place  without  giving  origin  to  coal  seams,  it  is  not  too  much 
to  say  that  the  number  of  fluctuations  in  the  relative  level  of  land 


*  Reports  on  coal  have  been  published  by  all  States  containing  coal,  where  there 
have  been  surveys.  For  local  details  see  reports  of  Pennsylvania,  Ohio,  Kentucky, 
Tennessee,  Alabama,  Indiana,  Illinois,  Iowa,  Missouri,  Arkansas,  Kansas,  and  Texas. 
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and  water  in  the  eastern  part  of  North  America  during  the  Penn- 
sylvanian  period,  was  great,  though  perhaps  not  greater  than  during 
other  periods. 


rt' 

1 
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Fig.  257. — Sections  of  Illinois  and  Indiana  Coal  Measures;  1,  shaft  at  Oglesby,  I^ 
Salle  Co.,  111.;  2,  air  shaft  at  Decatur,  Macon  Co.,  111.:  3,  shaft  at  Kinmundy, 
Marion  Co.,  HI.;  4,  boring  at  Galum  Creek,  Perry  Co.,  111.;  5,  boring  at  Danville, 
Vermilion  Co.,  111.;  6,  connected  section  from  South  Vermilion  and  Parke  Cos. 
Ind.;  7,  connected  section  from  Dugger  and  Linton,  Sullivan  and  Parke  Co«., 
Ind.;  8,  connected  section  from  Henderson,  Ky.,  and  Evansville,  Ind.  (Ashley, 
U.  S.  Geol.  Surv.) 

Extent  and  relations  of  coal-beds. — ^The    widespread    distribution 
of  coal  does  not  mean  that  any  one  marsh  necessarily  covered  the 


FiQ.  258. — Local  unconformity  in  Coal  Measures  of  central  Iowa.     (Keyes,  la.  GeoL 

Surv.) 

whole  of  any  one  great  coal-field.     Some  of  the  coal-beds,  however, 
are  known  to  be  of  great  extent.     Thus  a  single  bed,  the  Pittsburg, 


Fig.  259. — ^Local  unconformity  in  the  Coal  Measures;    sandstone  occupying  "  cut 
out  "  in  coal  beds.   Smoky  noUow  mine,  Marion  Co.,  la.     (Keyes,  la.  Greol.  Surv*.) 

is  known  to  be  workable  over  an  area  of  some  6000  square  miles  ^  in 
*  White,  West  Virginia,  Geol.  Surv.,  Vol.  II,  p.  166. 
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western  Pennsylvania,  Ohio,  and  West  Virginia,  and  to  have  at  least 
an  equal  extent  where  too  poor  to  be  generally  worked.  Many  coal 
beds,  on  the  other  hand,  do  not 
occupy  great  areas.  From  their 
thicker  portions  they  thin  out  in 
all  directions,  often  grading  into 
black  shale.  From  these  facts  it 
is  inferred  that  within  the  general 
area  of  a  coal-field  there  may  have 
been  islands  and  peninsulas  above 
the  marsh  level.  Such  areas  in- 
terrupted   the   continuity  of    the 


Fig.  260. — Irregularity  in  a  coal  bed 
showing  a  "  horseback "  in  Craijj 
Slope,  Kalo,  la.  (Keyes,  la.  Geol. 
Surv.) 


swamps  then,  and  interrupt  the  continuity  of  the  coal-beds  now. 

No  parallelism  between  the  coal-beds  of  different  fields  has  been 
made  out,  and  is  not  likely  to  be.  Even  within  the  same  field  the 
parallelism  is  by  no  means  perfect,  as  shown  by  the  fact  that  more 


Fig.  261. — Bifurcation  of  a  coal  bed.    The  heavy  black  lines  -  coal.     (Winslow.) 

seams  are  found  in  some  parts  of  a  field  than  in  others.  On  the  other 
hand,  the  larger  coal-beds  are  often  continuous  over  great  areas,  as 
already  noted  in  the  case  of  the  Pittsburg  bed. 

Traced  laterally,  a  bed  of  coal  is  sometimes  found  to  divide  (Fig.  261) 
or,  traced  in  the  opposite  direction,  two  beds  are  sometimes  found  to 
iinite.^    Fig.  262  suggests  a  possible  sequence  of  events  by  which  the 

*  The  Nature  of  Coal  Horizons;  see  Winslow,  Geol.  Surv.  of  Missouri,  Preliminary 
Report  on  Coal,  p.  25.     Also  Keyes,  Jour.  Geol.,  II,  178. 


676 


GEOLOGY, 


bifurcation  may  be  brought  about.  Vegetable  matter  for  a  coal  seam 
is  accumulating  along  a-h  (A),  The  outer  part  of  the  bog  then  sinks 
(B)  so  that  sediment  is  deposited  over  a  part  of  the  area  (a  to  c) 
where  vegetation  formerly  grew.  When  the  depi'essed  area  (a  to  c) 
is  aggraded  or  elevated  (relatively)  sufficiently  (C),  the  bog  is  restored 
at  the  left,  and  the  two  layers  of  organic  matter  at  the  left,  unite  at 
the  right,  where  the  accumulation  of  vegetable  matter  has  not  been 
interrupted.  It  will  be  readily  seen  that  other  sequences  of  events 
might  bring  about  the  same  result,  and  that,  if  this  process  is  fre- 
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Fio.  262. — ^Diagram  illustrating  the  sequence  of  events  which  mi^ht  lead  to  the  bifur- 
cation of  a  coal  bed.  In  the  first  diagram,  vegetal  matter  is  accumulating  from 
a  to  6;  in  the  second,  a  part  of  the  area,  a  to  c,  is  represented  as  submerged;  in 
the  third,  the  tract  from  a  to  c  has  been  built  up  or  lifted  up  (relatively)  so  as  to 
become  a  marsh  again,  and  vegetal  matter  is  accumulating  from  a  to  o. 

quently  repeated,  great  differences  might  exist  in  the  number  of  coal 
seams  in  different  parts  of  the  same  general  region. 

Varieties  of  coal. — ^The  exact  manner  in  which  the  different  varie- 
ties of  coal  have  arisen  has  never  been  satisfactorily  determined.  In 
general  it  is  true  that  the  anthracite  coal' occurs  in  mountainous  regions, 
where  the  coal  and  other  layers  of  rock  with  which  it  is  associated 
have  been  subject  to  more  or  less  intense  dynamic  action.  Thus, 
in  the  mountains  of  eastern  Pennsylvania  (Fig.  263)  the  coaJ  is  mainlv 
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anthracite  (Figs.  264-267),  while  in  the  central,  and  in  most  of  the 
western  coal-fields  of  Pennsylvanian  age,  where  the  strata  are  nearly 


I 


Fig.  263. — Map  showing  the  areas  of  anthracite  coal  in  Pennsylvania. 

horizontal  or  but  slightly  deformed  (Figs.  255,  256  and  267  to  271), 
and  altogether  non-metamorphic,  the  coal  is  bituminous  or  soft.  In 
Arkansas^  where  the  strata  have  been  subject  to  some,  but  not  to 
extreme  dynamic  action,  there  is  coal  which  is  semi-anthracitic.  Where 
the  metamorphism  of  the  associated  rock  has  been  extensive,  the 
coal  has  gone  beyond  the  anthracitic  stage  and  has  become  graphitic. 


^gatBOLM. 


Fig.  264. — Section  across  Panther  Creek  basin  in  the  anthracite  region  of  Pennsyl- 
vania, showing  the  position  of  the  strata  and  the  coal  beds.  (Stoek,  U.  S.  Geol- 
Surv.) 

Thus  in  Rhode  Island,  where  the  strata  have  been  highly  metamor- 
phosed, the  coal  is  highly  anthracitic,  or  even  semi-gtaphitic.^ 

Anthracite  coal  is  also  found  in  some  places  (though  not  in  the 
Coal  Measures  of  the  United  States)  in  contact  with  dikes,  in  just  the 


« Ann.  Kept.  Ark.  Geol.  Surv.  1888,  Vol.  III. 

•  Geology  of  the  Narragansett  Basin,  Mono.  XXXIII,  U.  S.  Geol.  Surv. 
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situations  where   other  sorts  of  rock    are    metamorphosed.      These 
phenomena  long  ago  suggested  that  anthracite  is  to  be  looked  upon 


Fig.  265. — Section  of  the  Western  Middle  anthracite  coal  basin  of  Pennsjdvania, 
Length  of  section,  a  little  less  than  two  miles.      (Stoek,  U.  S.  Geol.  Surv.) 

as  metamorphic  coal  produced  from  bituminous  by  processes  similar 
to  some  of  those  which  induce  metamorphism  in  other  sorts  of  rock. 


Fig.  266. — Section  south  of  Nanticoke,  showing  the  position  and  relations  of  the 
coal  beds,  in  the  Northern  anthracite  coal  field.  Length  of  section  a  little  less 
than  two  miles.      (Stoek,  U.  S.  Geol.  Surv.) 

The  fact  that  metamorphic  coal  is  usually  found  in  regions  where 
erosion  has  exposed  its  beds  (Figs.  264  to  267)  has  led  to  the  conjec- 


FiG.  267. — Section  at  Scranton.    Length  of  section  between  4  and  5  miles. 
(Stoek,  U.  S.  Geol.  Surv.) 

ture  that  exposure  may  be  a  real  factor  in  the  problem,  the  exposure 
favoring  the  escape  of  the  volatile  constituents,  and  so  aiding  in  the 
transformation  of  bituminous  coal  to  anthracite.  Beds  of  bituminous 
coal  are,  however,  often  exposed  in  valley  bluffs. 

Both  dynamic  action,  involving  pressure  and  heat,  and  exposure 
would  seem  to  be  conditions  favoring  the  development  of  anthracite, 
but  it  does  not  follow  that  these  are  the  only  factors  in  the  problem, 
or  that  anthracite  coal  has  never  been  produced  in  other  ways.    It 
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has  been  suggested  that  the  anthracitic  character  of  coal   depends 
on  the  length  of  time  the  vegetation  was  exposed  before  being  buried 


ii&i«Z«t«/ 


Fia.  269. — Section  showing  positions  and  relations  of  the  coal  beds  at  a  point  in  Indian 
Territory.  The  black  lines  indicate  cosd  beds.  Length  of  section  about  11  miles 
(Tafif,  U.  S.  Geol.  Sur\'.) 

by  other  sedimentary  rocks.^  This  seems  to  demand  that  thick  beds 
of  coal  be  more  anthracitic  at  their  bases  than  at  their  tops,  or  else 
that  the  thin,  slowly  accumulated  parts  be  more  anthracitic  than  the 
thick,  faster-formed  parts.    Neither  of  these  things  seems  to  be  gen- 
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Fig.  270.  FiQ.  271. 

Fig.  270. — Diagram  showing  slight  faulting  in  the  coal  beds  of  Iowa.     Bloomfield 

shaft,  Des  Moines,  la.     (la.  Geol.  Surv.) 
Fig.  271. — Step  fault  in  Davidson  mine,  Jasper  Co.,  la.     (la.  Geol.  Surw) 

erally  true,  though  the  lower  part  of  a  coal-bed  is  sometimes  "  harder  " 
than  the  upper. 

Other  varieties  of  coal  appear  to  depend  on  the  conditions  to  which 
the  vegetable  matter  was  subject,  either  before  or  after  burial,  and 
on  the  degree  to  which  the  bituminizing  process  has  been  carried. 

Iron  Ore, 

The  iron  ore  of  the  Coal  Measures  occurs  in  layers  like  the  coal, 
or  in  the  form  of  nodules  which  are  often  concentrated  at  a  given  hori- 
zon, forming  a  nearly  continuous  layer.  The  ore  is  sometimes  in 
the  form  of  the  carbonate  of  iron  (siderite)  and  sometimes  in  the  form 
of  oxide.  The  iron  is  often  associated  with  clay,  making  day  iron- 
stone.  The  iron  ore  of  the  Coal  Measures  seems  to  have  been  largely 
deposited  as  a  precipitate  from  the  waters  of  inland  and  local  basins, 

*  Stevenson,  Jour,  of  Geol.,  Vol.   I,  p.   677. 
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while  the  other  members  of  the  system  were  being  laid  down.  Dis- 
solved by  the  land  waters  from  the  soil  and  rocks,  it  was  brought  to 
the  marshes  in  some  soluble  form.  In  the  marshes,  it  was  precipitated 
either  in  the  form  of  the  carbonate  or  ferric  oxide.  Subsequent  oxi- 
dation has  changed  some  of  the  original  carbonate  into  ferric  oxide. 
The  principal  iron  ores  of  the  Pennsylvanian  system  occur  in  Penn- 
sylvania (Allegheny  and  Monongahela  series)  and  eastern  Ohio  (Alle- 
gheny series).^ 

General  Geographic  Conditions  in  the  Eastern  Interior. 

Returning  for  a  moment  to  the  system  of  which  the  coal-beds  form 
an  inconsiderable  part,  it  is  to  be  noted  that  many  of  the  clastic  beds 
associated  with  the  coal  are  known  by  their  fossils  to  have  been  laid 
down  in  fresh  water.  Some  of  the  occasional  limestone-beds,  on  the 
other  hand,  as  well  as  some  of  the  clastic  beds,  were  deposited  where 
marine  conditions  prevailed.  It  follows  that  marine,  lacustrine,  and 
marsh  conditions  may  also  have  alternated  with  the  others,  but  such 
conditions,  especially  if  the  land  be  too  low  to  suffer  notable  erosion, 
leave  but  indistinct  records. 

The  succession  of  Pennsylvanian  beds  in  southwestern  Pennsyl- 
vania (Fig.  242)  illustrates  the  great  series  of  changes  which  took 
place  in  the  sedimentation  in  the  course  of  the  period.  These  changes 
were  probably  the  result  of  geographic  changes,  such  as  variations  in 
the  height  of  the  land,  the  depth  of  the  water,  or  in  the  areal  relations 
of  land  and  water,  due  to  gradation.  It  is  not  to  be  inferred  that 
changes  were  more  frequent  at  this  time  than  during  other  periods. 
Their  record  is  conspicuous  because  of  the  coal;  or,  in  other  terms, 
because  the  land  was  near  sea-level,  so  that  extensive  submergence 
and  emergence  resulted  from  slight  changes  of  relative  level  of  land 
and  sea.  It  should  be  remembered  that  a  series  of  equally  frequent 
and  equally  extensive  movements,  or  that  equivalent  degradation  and 
aggradation,  would  leave  no  such  record  of  themselves,  if  the  surfaces 
concerned  were  well  above  or  well  below  sea-level.  It  was  the  oscil- 
lation just  above  and  just  below  water-level  which  allowed  the  record 
to  be  so  clearly  preserved.    How  far  the  oscillations  were  due  to  warp- 

>  For  statistics  concerning  production  of  iron,  see  Census  Reports  (Vol.  XV,  10th 
Census)  and  Blineral  Statistics,  U.  S.  Geol.  Surv. 
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ings  of  the  land,  and  how  far  to  changes  in  the  level  of  the  sea,  can- 
not now  be  determined;  but  when  we  recall  that  the  ocean-level 
must  respond  to  every  deformation  which  affects  its  bottom  (imless 
compensated  by  an  equivalent  opposite  movement),  and  to  every  stage 
of  filling,*  it  does  not  seem  strange  that  its  level  is  in  a  nearly  per- 
petual state  of  fluctuation. 

In  general,  it  may  be  said  that  the  movements  of  the  crust  which 
have  been  of  most  importance,  from  the  point  of  view  of  continental 
or  biological  evolution,  are  not  those  which  have  affected  high  land 
or  deep  sea  bottom,  but  those  which  have  converted  sea  bottom  into 
land,  or  land  into  sea  bottom.  Such  changes  are  most  likely  to  have 
taken  place  where  land  was  low,  or  water  shallow.  From  the  point 
of  view  of  geology,  therefore,  the  critical  levd  of  crustal  oscillation  is  the 
level  of  the  sea. 

Thickness. 

The  Coal  Measures  differ  greatly  in  thickness  in  different  sections 
of  the  country,  but,  like  all  the  preceding  formations  of  the  Paleo- 
zoic, they  are  especially  thick  in  the  Appalachian  mountains,  measured 
by  the  usual  method. 

The  thickness  of  the  Millstone  Grit  (Pottsville  conglomerate) 
alone  ranges  up  to  1700  feet  in  Pennsylvania,  but  it  thins  rapidly 
to  the  westward.  The  Coal  Measures  are  equally  variable  in  thick- 
ness, ranging  from  nearly  zero  to  more  than  3000  feet  (Penn- 
sylvania to  Alabama).  In  the  interior,  the  corresponding  formations 
rarely  much  exceed  1000  feet.  In  Ohio  they  are  about  1200  feet 
thick;  in  Indiana,  1000  feet;  in  Illinois,  1650  feet;  in  Michigan  300 
feet,  and  in  Iowa,  600  feet.  In  Arkansas,  the  Coal  Measures  attain 
the  remarkable  thickness  of  more  than  20,000  feet,^  from  which  it 
is  inferred  that  there  must  have  been  land  close  at  hand  capable  of 
supplying  sediments  in  great  quantity,  combined,  probably,  with 
conditions  favorable  to  deposition  in  sloping  attitudes.  This  was 
probably  the  axis  of  the  Ouachita  uplift.  In  Texas,  the  Penn- 
sylvanian  has  a  thickness  ranging  up  to  5000  feet.^  In  the 
Wasatch  mountains,  the  Carboniferous  strata  (including  the  Lower 
Carboniferous)  have  been  estimated  to  be  about  13,000  feet  thick, 

»  Salisbury.    Jour,  of  Geol.  Vol.  XIII.  p.  469. 

'  Cited  in  Report  of  the  Dept.  of  Geol.  and  Nat.  Res.  of  Indiana. 

•  Richardson,  Bull.  G.,  Univ.  of  Texas  Mineral  Survey. 
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and  in  Nevada,  10,000  feet.  In  these  regions,  therefore,  active  depo- 
sition was  in  progress,  and  so  far  as  the  sediments  are  clastic,  they 
were  probably  derived  from  the  land  area  of  western  Nevada.  For 
further  details  as  to  thickness,  see  the  preceding  sections,  pp.  657-562. 

Duration  of  the  Coal  Measures  Period. 

So  uncertain  is  our  knowledge  of  the  duration  of  geological  time 
that  all  groups  of  data  which  can  be  made  to  throw  light  on  the  sub- 
ject are  of  interest,  even  though  they  do  not  lead  to  trustworthy  numeri- 
cal conclusions.  A  vigorous  growth  of  vegetation  has  been  estimated 
to  yield  annually  about  one  ton  of  dried  vegetable  matter  per  acre, 
or  640  tons  per  square  mile.  If  this  annual  growth  of  vegetable  matter 
were  all  preserved  for  1000  years,  and  compressed  until  its  specific 
gravity  was  1.4  (about  the  average  for  coal)  it  would  form  a  layer 
about  six  inches  thick.  But  a  large  part  of  the  vegetable  matter,  even 
in  peat  bogs,  escapes  as  gas  (CO2,  CH4,  etc.),  in  the  making  of  coal. 
It  has  been  estimated  that  three  to  four  fifths  of  it  disappears  in  this 
way.  The  six-inch  layer  would  then  be  reduced  to  two  tenths  or  to 
one  tenth  of  a  foot,  and  a  layer  one  foot  in  thickness  would  require 
5000  to  10,000  years.  The  aggregate  thickness  of  coal  is  frequently  as 
much  as  100  feet,  and  sometimes  as  much  as  250  feet.  At  the  above 
rate  of  accumulation,  and  with  the  above  proportions  of  loss,  periods 
ranging  from  500,000  to  nearly  2,500,000  years  would  be  needed  for 
the  accumulation  of  such  thicknesses  of  coal. 

It  should  be  borne  in  mind,  however,  that  much  depends  on  the 
rate  of  growth  of  Carboniferous  vegetation,  which  is  not  known.  On 
the  other  hand,  these  figures  refer  to  the  coal  only,  not  to  the  Coal 
Measures.  The  greater  part  of  the  Coal  Measures  is  made  up  of  shale 
and  sandstone,  and  of  these  formations  there  are  thousands  of  feet, 
even  where  the  sediments  were  largely  fine  and  their  accumulation 
therefore  probably  slow.  It  would  hardly  seem  imreasonable  to  con- 
jecture that  their  deposition  might  have  consmned  an  amount  of  time 
equal  to  or  even  greater  than  that  demanded  by  the  coal.  This  would 
double  the  above  figures,  making  them  something  like  2,000,000  and 
5,000,000  years  respectively.  These  figures  must  be  taken  to  mean 
nothing  more  than  that  the  best  data  now  at  hand  indicate  that  the 
Pennsylvanian  period  was  a  very  long  one. 
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Close  of  the  Carboniferous  Period} 

After  the  long  period  of  oscillation  above  and  below  the  critical 
level  recorded  by  the  Coal  Measures,  the  interior  area  east  of  the  Missis- 
sippi was  brought  above  the  level  of  the  sea,  not  to  sink  again  beneath 
it  during  the  Paleozoic  era,  and  some  of  it  at  no  later  time.  This  uplift 
marks  at  once  the  close  of  the  Carboniferous,  and  the  inauguration 
of  the  Permian  period.  It  is  also  probable  that  the  deformative  move- 
ments which  were  to  result  in  the  folding  and  uplift  of  the  Appalachian 
mountains  began  at  this  time.  Dikes  of  igneous  rock  affect  the  Car- 
boniferous strata  of  northwestern  Kentucky  and  southern  Illinois, 
but  the  date  of  their  intrusion  has  not  been  determined.  It  seems 
not  improbable  that  it  was  during  the  general  period  of  deformation 
which  marked  the  close  of  the  Paleozoic;   but  this  is  conjecture. 

There  were  also  notable  changes  in  the  western  half  of  the  con- 
tinent, for  the  strata  of  the  Permian  period  are  much  less  wide- 
spread than  those  of  the  Carboniferous.  Where  they  occur,  their 
constitution  and  their  fossils  are  such  as  to  indicate  not  only  different 
relations  of  land  and  water,  but  different  conditions  of  erosion,  and 
the  absence  of  the  sea  from  some  areas  where  deposition  was  in  progress. 
In  the  Sierras,^  too,  there  seems  to  have  been  deformation  and  meta- 
morphism  of  the  Carboniferous  beds  at  some  time  antedating  the 
Jiurassic  period.  The  exact  date  of  the  disturbance  has  not  been 
fixed,  but  it  may  have  been  contemporaneous  with  that  in  the  Appa- 
lachian Mountain  region. 

In  America,  the  Permian  has  usually  been  regarded  as  the  closing 
stage  of  the  Carboniferous.  This  classification  seems  best  to  fit  the 
facts  of  the  eastern  part  of  the  continent,  but  when  the  relations  of 
the  Permian  in  other  parts  of  the  world  are  considered,  it  seems  more 
fitting  to  regard  the  Permian  as  a  distinct  period. 

In  Foreign  Countries. 

Europe. 

General. — ^As  in  America,  the  oldest  formation  of  the  Upper  Car- 
boniferous in  Europe  is  often  a  conglomerate  and  sandstone  formation, 
the  Millstone  grit,  which  in  some  parts  of  Britain  attains  a  thickne^ 

*  For  general  account  of  Appalachia  during   the   Paleozoic  Era  see  Willisi  Md- 
Geol.  Surv.,  Vol.  IV,  pp.  23-88. 

'  See  description  of  the  Gold  Belt,  in  the  late  folios  of  the  U.  S.  Geol.  Surv. 


THE  PENNSYLVANIAN  PERIOD,  585 

of  5500  feet.^  This  formation  has  the  same  stratigraphical  position, 
and  probably  the  same  significance  as  the  formation  of  corresponding 
name  (Pottsville,  etc.,  see  p.  539)  in  America.^  It  was  indeed  this 
correspondence  which  led  to  the  adoption  of  the  English  name  for 
the  American  formation.  The  thick  Millstone  grit  of  England  is 
thought  to  represent  a  shore  accimiulation  against  a  ridge  of  Paleozoic 
rock  which  crossed  central  England  in  the  early  part  of  the  Carbon- 
iferous period.  The  ridge  was  later  submerged,  but  not  until  some  part 
of  the  Coal  Measures  had  been  deposited.  North  from  this  ridge  the 
Millstone  grit  thins  rapidly.  The  fossils  of  the  Millstone  grit  are 
singular  in  that  the  plants  resemble  those  of  the  Coal  Measures  above, 
while  the  animals  are  more  like  those  of  the  Lower  Carboniferous 
below.' 

The  formations  of  the  western  European  Coal  Measures,  like  those 
of  eastern  North  America,  consist  principally  of  shales  (and  clays), 
with  subordinate  amounts  of  sandstone  and  limestone.  Associated 
with  these  commoner  sorts  of  rock,  there  are  beds  of  coal  and  clay- 
ironstone,  both  of  which  occupy  positions  corresponding  in  all  essen- 
tial respects,  with  those  of  the  similar  formations  in  eastern  North 
America.  As  in  America,  there  are  local  unconformities  within  the 
system.  The  system  contains  workable  coal  in  Great  Britain,  Ireland, 
Belgimn,  France,  Spain,  Germany,  Austria,  and  Russia,  but  the  total 
area  of  productive  coal  in  Europe  is  much  less  than  in  America.  In 
places  in  Wales,  there  are  as  many  as  100  seams  of  coal,  many  of  which 
are  worked.  In  Belgium,  and  in  some  parts  of  Germany  the  number 
of  coal-beds  is  also  very  large.  In  Westphalia  the  number  of  workable 
beds  is  said  to  be  90.'*  The  aggregate  (maximum)  thickness  of  the 
coal  in  Lancashire  is  150  feet;  in  Westphalia,  274  feet;  in  Mons 
(Belgimn),  250  feet.  In  central  and  northern  France  there  are  more 
than  300  small  areas  where  portions  of  the  Coal  Measures  are  found. 
Some  of  them  contain  remarkable  thicknesses  of  coal.*  The  Coal 
Measures  of  central  Europe  are  less  wide-spread  than  the  Lower  Car- 
boniferous in  the  same  region.     Coal-beds  are  numerous  in  the  Coal 

>  Geikie,  Text-book  of  Geology,  Vol.  II,  p.   1047. 

'  The  Millstone  grit  is  sometimes  regarded  as  the  representative  of  a  separate  time- 
division   co6rdinate  with  the  Lower  and  Upper  Carboniferous. 
•Geikie,  p.  1054. 

*  Idem,  p.  1047. 

•  Idem,  p.  1053. 
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Measures  of  Silesia,  one  bed  attaining  a  thickness  of  50  feet.^  Here, 
as  elsewhere,  beds  of  marine  origin  alternate  with  those  which  were 
deposited  on  land,  in  marshes,  etc.  The  constitution  of  the  system 
is  such  as  to  show  that  physical  conditions  corresponding  to  those 
of  the  Pennsylvanian  period  in  eastern  North  America  were  wide- 
spread in  western  Europe. 

It  will  be  remembered  that  the  coal-bearing  part  of  the  Carbon- 
iferous series  in  America  is  confined  to  the  eastern  half  of  the  continent. 
The  chief  areas  of  productive  Coal  Measures  in  Europe  are  in  the  western 


Fig.  272. — Sketch  map  showing  distribution  of  coal  in  Great  Britain  (Ka3r8er). 

part  of  the  continent,  another  of  the  many  rather  striking  correspon- 
dences between  the  formations  in  those  parts  of  these  continents 
which  border  the  same  ocean.  Fig.  272  shows  the  distribution  of 
coal   in   Great  Britain,   and  272a,   in  the   Lower  Rhine   basin.     In 

» Idem,  p.  1054. 
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southern  Europe,  the  Lower  and  Upper  Carboniferous  are  less  dis- 
tmctly  separated. 

In  Russia,  the  two  types  of  Carboniferous  formations,  the  marine 
and  the  non-marine,  are  found,  but  not  in  the  same  relations  as  in 
the  western  part  of  the  continent.  Instead  of  the  marine  type  below, 
and  the  lake-marsh-lagoon  type  above,  the  order  seems  to  be  so  far 
reversed  that  the  Lower  Carboniferous  contains  most  of  the  coal, 
while  the  Upper  is  made  up  chiefly  of  Umestone.  There  is  however 
much  marine  limestone  in  the  Lower  Carboniferous,  and  in  southern 
Russia  (Donetz  coal-field)  some  coal  in  the  Upper.  The  Upper  Car- 
boniferous limestone  of  Russia   (Fusulina  limestone)  is  represented 


Fig.  272a. — Sketch  map  showing  the  position  of  the  Carboniferous  coal  beds  (black 
areas)  in  the  lower  Rhine  basin  (Kayser.) 


by  similar  formations  in  southern  Europe,  where  the  system  is  more 
like  that  of  eastern  than  that  of  western  Europe.  The  faunas  of  the 
marine  system  in  southern  Europe,  and  of  the  marine  part  of  the  sys- 
tem in  eastern  Europe  have  much  likeness  to  those  of  western  North 
America,  suggesting  that  marine  life  was  able  to  pass  between  these 
continents,  via  northern  Asia. 

The  upper  part  of  the  Coal  Measures  system  of  Europe  at  various 
points  and  at  various  horizons  contains  bowlders,  sometimes  of  large 
size,  and  beds  of  breccia  or  conglomerate  of  sub-angular  fragments. 
The  bowlders  are  of  granite,  gneiss,  schist,  quartzite,  etc.,  and  occur 
sometimes  singly,  and  sometimes  in  groups.  They  have  often  been 
thought  to  represent  deposits  made  by  icebergs,  and  so  to  point  to 
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the  existence  of  glaciers;*  but  this  interpretation  cannot  be  looked 
upon  as  established.  Other  interpretations,  such  as  the  transporta- 
tion of  bowlders  by  uprooted  trees  floated  out  to  sea,  are  tenable. 

Though  the  Coal  Measures  are  widely  distributed  on  the  continent, 
the  areas  where  they  are  exposed  are  relatively  small,  as  compared 
with  those  of  America.  It  is  not  in  all  cases  possible  to  say  whether 
the  detached  areas  are  the  dissevered  renmants  of  areas  which  were 
once  extensive,  or  whether  they  are  but  parts  of  areas  which  are  still 
continuous,  though  largely  buried  by  younger  beds.  The  system 
appears  at  the  siuf  ace  in  relatively  large  areas  in  Belgium  and  northern 
France,  and  in  small  areas  in  southern  France,  and  the  Iberian  penin- 
sula. It  is  also  known  at  many  points  in  the  mountain  regions  of 
central  Europe,  and  has  great  development  in  Russia. 

North  of  the  European  continent,  the  Carboniferous  formations 
(Fusulina  limestone.  Coral  limestone,  etc.)  are  represented"  in  some 
of  the  Arctic  islands  (Spitzbergen,  Nova  Zemla,  Bear  Island). 

Thickness. — ^The  Coal  Measures  of  Europe  attain  great  thickness, 
being  8000  feet  (13,500  including  the  Millstone  grit)  thick  in  Lan- 
cashire, and  several  thousand  feet  in  many  parts  of  Great  Britain 
and  Ireland.  These  extraordinary  thicknesses  of  sedimentary  rock 
in  Great  Britain  must  mean  the  presence  close  at  hand  of  somewhat 
extensive  and  high  land  areas.^  The  corresponding  strata  attain  a 
thickness  of  10,000  feet  in  western  Germany,  where  they  contain  much 
coal. 

Igneous  rocks  and  crustal  disturbances. — ^The  granites  of  the  Harz, 
Thiiringerwald,  Black  Forest,  Vosges,  and  other  mountains  of  central 
Europe,  appear  to  date  from  the  end  of  the  Early  Carboniferous, 
though  the  eruptions  probably  continued  into  the  Later  Carboniferous. 
Various  sorts  of  igneous  rocks  are  associated  with  Upper  Carboniferous 
formations  of  sedimentary  origin  in  Brittany,  Scotland,  some  parts  of 
England  (Cornwall),  and  Scandinavia  (near  Christiana). 

The  extrusion  of  these  igneous  rocks  seems  to  have  been  an  accom- 
paniment of  the  crustal  disturbances  which  were  in  progress  during 
the  period.  In  middle  and  western  Eiurope,  these  disturbances  began 
at  the  close  of  the  Early  Carboniferous,  as  already  noted  (p.  516),  and 
contmued  through  the  Permian.    The  truncated  remnants  of  the  western 

'Ramsay,  Quar.  Jour.   Geol.  Soc.,  1856,  p.   186. 
» Geikie,  Text-book  of  Geology,  4th  ed.  p.  1047. 
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part  (Ireland  to  central  France)  of  the  central  European  Paleozoic 
Alps  formed  at  this  time,  have  been  called  the  Armorican  mountains,^ 
while  the  eastern  part  (southern  France  to  northern  Bohemia  and 
perhaps  beyond),  has  been  called  the  Variscan  Alps.  Some  of  the 
stubs  of  these  old  mountains  have  been  uplifted  (relatively)  in  later 
times. 

The  Carboniferous  rocks  of  some  parts  of  Europe  have  been  much 
deformed.    In  Mons  (Belgiiun)  a  shaft  1050  feet  deep  passes  through 

f     f f! f fL 


Fig.  273. — Sketch  of  the  Li6ge  coal  basin.     D= Devonian;   C= Carboniferous;    1,  2, 
3 » beds  of  coal;    /,  /,  etc.  =  faults.     (Vancherpenzeel-Thim.) 

the  same  bed  of  coal  six  times.  At  Li^ge  in  Belgium,  and  in  the  Bou- 
lonnais  (France),  workable  coal  has  been  reached  after  penetrating 
the  inverted  Devonian  beds.^  While  these  are  extreme  cases,  deforma- 
tion of  a  less  pronounced  type  is  widespread  in  western  Europe,  and 
not  unknown  elsewhere.    Figs.  273  and  204  represent  the  compli- 


Fia.  274. — Vertical  section  showing  the  general  disposition  and  branching  of  beds 
of  coal  (heavy  lines)  at  Conunentry.     (Fayol.) 

cated  structure  of  the  system  at  the  locaUties  indicated,  and  Fig.  274 
shows  the  remarkable  subdivisions  or  branchings  of  a  thick  coal-bed. 

Other  Continents. 

Asia. — ^The  Upper  Carboniferous  of  Asia  is  represented  by  both 
marine  and  non-marme  formations.  The  latter  are  often  rich  in 
coal.    The  marine  phase  is  found  in  eastern  Turkestan,  at  the  mouth 

» Suess,  Antlitz  der  Erde,  Vol.  II,  1888,  p.  42. 
'  Geikie,  op.  cit.,  p.  1053. 
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of  the  Lena,  in  some  of  the  mountains  of  Siberia,  in  western  and  north- 
western China,  at  Vladivostock,  in  eastern  Japan,  in  Kiangsi  in  southern 
China,  1  and  in  Sumatra.  The  non-marine  phase  is  found  in  Heraclea 
in  Asia  Minor,  and  on  the  east  side  of  the  Middle  Urals,  where  it  con- 
tains salt  and  gypsum,  and  in  various  parts  of  China. 

In  China,2  three  general  divisions  of  the  Carboniferous  have  been 
recognized.  The  lowest  corresponds,  in  a  general  way  at  least,  with 
the  lower  division  of  the  Carboniferous  limestone  of  Europe  (Mississip- 
pian  of  America);  the  second  is  the  coal-bearing  division,  containing 
much  bituminous  and  anthracite  coal;  while  the  third  is  marine, 
consisting  of  the  usual  phases  of  sedimentary  rocks,  and  seeming  to 
correspond  with  the  Upper  Carboniferous  limestone  of  Russia  and 
southern  Europe,  and  with  part  of  the  Carboniferous  limestone  of 
western  North  America.  The  Carboniferous  of  some  parts  of  China, 
especially  in  the  province  of  Shansi,  is  said  to  contain  coal-beds  which 
surpass  any  found  elsewhere  in  the  whole  world.  In  the  province  of 
Shansi  there  is  said  to  be  a  coal-field,  35,000  square  kilometers  in  extent, 
where  the  horizontal  beds  of  anthracite  reach  a  thickness  of  10  metei^. 
In  the  southwestern  part  of  China  there  are  also  great  beds  of  bitu- 
minous coal.3    The  Carboniferous  system  is  also  present  in  India.* 

Africa.* — ^The  Carboniferous  formations  of  northern  Africa  corre- 
spond in  a  general  way  with  those  of  southern  Europe.  They  are 
generally  of  marine  origin,  so  far  as  now  known,  and  without  coal. 
In  southeastern  Africa,  a  single  Carboniferous  coal  basin  has  been 
reported  near  Tet6  in  Zambesi.®  Upper  Carboniferous  rocks  are  also 
reported  from  parts  of  Sahara  and  Egypt. 

Australia  and  New  Zealand. — The  Carboniferous  (Permo-Carbon- 
iferous)  system  is  well  developed  in  eastern  Australia  and  in  Queens- 
land. Here,  as  already  noted,  the  Lower  Carboniferous  consists  of 
marine  sedimentary  beds,  often  much  disturbed  and  metamorphosed, 
and  associated  with  igneous  rock.  Above  the  Lower  Carboniferous 
lies  the  Upper  or  Permo-Carboniferous  system,  which  contains  coal, 

*  Kayser,  Formationskiinde,  p.  203. 

*  Richthofen,  China. 

•Kayser,  Fonnationskunde,  p.  205.     Citing  Richthofen,  China,  Vol.  II,  p. 473. 

*  Oldham,  Geology  of  India,  2d  ed.,  1893. 
•Kayser  and  Geikie,  op.  cit. 

*  Kayser,  Geologische  Formationskimde,  p.  207. 
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and  which  attains  the  remarkable  thickness  of  something  like  11,000 
feet.  The  system  is  remarkable  because  of  its  singular  conglomerates, 
some  of  which  are  of  glacial  origin.  These  will  be  referred  to  again 
in  connection  with  the  Permian. 

South  and  Central  America. — In  South  America,  rocks  of  Late 
(Upper)  Carboniferous  age  are  somewhat  widely  distributed,  though 
less  so  than  those  of  the  Devonian  period.  The  system  has  wide  dis- 
tribution in  the  lower  part  of  the  basin  of  the  Amazon,  where  it  rests 
on  older  formations  unconformably,  and  is  not  generally  coal-bearing. 
In  Central  America,  the  same  system  is  reported  from  Guatemala. 

THE  LIFE  OF  THE  PENNSYLVANIAN  PERIOD. 

I.  The  Plant  Life. 

With  the  opening  of  the  Carboniferous  pieriod  the  supreme  bio- 
logical interest  shifted  from  the  sea  to  the  land,  and  centered  in  the 
vegetation  and  in  the  amphibians,  the  forerunners  of  the  great  line 
of  terrestrial  vertebrates.  The  leading  interest  lay  in  the  Coal  flora, 
and  to  that  we  turn  at  once. 

The  Coal  Flora, 

The  Carboniferous  vegetation  was  climacteric  in  two  senses,  which 
combine  to  make  it  doubly  interesting;  it  was  climacteric  in  its  preser- 
vation, and  it  constituted  a  real  climax  in  plant  history.  The  con- 
ditions that  favored  phenomenal  preservation  have  already  been  set 
forth.  This  extraordinary  preservation  has  with  little  doubt  given 
the  Coal  flora  a  degree  of  prominence  over  the  preceding  and  succeed- 
ing floras  that  it  did  not  altogether  possess,  and  there  is  perhaps  need 
to  be  on  guard  against  over-emphasis;  but  it  was  really  a  great  period 
in  the  history  of  plant-life.  The  leading  factor  was  the  pteridophytes 
which  at  this  time  reached  their  widest  deployment,  and  the  summit 
level  of  their  organization.  Ancestral  gymnosperms  were  present, 
but  they  held  a  secondary  though  not  unimportant  place.  The  angio- 
sperms,  the  present  ruling  type,  had  not  yet  appeared.  The  lower 
groups  are  but  feebly  represented  in  the  record.  It  is  not  certain 
that  there  were  any  mosses  or  liverworts,  though  Renault,  Zeiller, 
and  others  think  that  mosses  were  probably  present.  There  are  good 
theoretical  grounds  for  believing  that  bacteria,  fimgi,  and,  in  moist 
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places,  semi-terrestrial  algae  were  present  in  great  abundance,  but 
for  obvious  reasons  their  record  is  obscure.  Regnault  has  identified 
bacteria. 

It  was  emphatically  the  period  of  the  Pteridophytes,  and  their 
deployment  in  numbers,  size  and  grade  of  organization  was  very  remark- 
able. There  were  true  ferns,  transitional  ferns,  and  fern-like  gym- 
nosperms;  there  were  horsetails  in  the  form  of  calamarians,  spheno- 
phylls  in  typical  development,  and  gigantic  lycopods  in  the  form 
of  lepidodendrons  and  sigillarias,  or,  in  more  technical  terms,  there 


Fio.  275. — A  composite  group  of  leadine  Carboniferous  plants  adapted  from  restora- 
tions bv  various  paleobotanists  by  Mildred  Marvin.  In  the  foreground  at  the 
right,  Lemdodendron;  at  the  left  Sigillaria;  in  the  right  center  rear,  a  tree  fern; 
in  the  leit  center  rear,  Cordaites,  at  the  extreme  right  and  left,  Catamites. 

were  Filicales,  CycadofiliceSj  Equisetales,  SphenophyllaleSj  and  Lyco- 
podiales,  all  the  great  divisions  of  the  group,  and  all  of  these  were 
nearly  or  quite  at  their  climax,  and  some  of  them  were  verging  into 
other  types.  An  attempt  is  made  to  represent  their  general  aspect 
in  Fig.  275. 
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The  Filicales.— Fern-like  leaves  surpassed  all  other  fossil  forms 
in  number,  but  it  is  now  known  that  many,  perhaps  even  a  majority, 
of  these  belonged  to  the  transition  group,  Cycadofilices.  True  ferns 
were  present  and  apparently  abimdant,  but  precisely  how  abimdant 
is  yet  undetermined.  The  ferns  were  a  strangely  persistent  type,  like 
the  brachiopods  in  the  sea.  At  their  first  appearance  in  the  record, 
they  had  already  the  distinctive  forms  of  existing  ferns  (Figs.  275,  276, 
a-c,  and  277).     Later  they  played  a  notable  part  in  the  floras  of 
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Fio.  276. — ^A  group  of  fern  fronds:  a,  Neuropteris  auriculata^  Brgt.;  6,  N.  angustifoliaf 
Brgt. ;  c,  in  vermiadari8f  Lx. ;  d,  OdontopUris  comuta,  Lx. ;  e,  Pecopteris  unila^  Brgt. ; 
/,  Dictyopteria  rubelia,  Lx.;  g,  ArchcBopieris  bochsiana,  Goepp.;  h,  Sphenopteris 
splendens,  Lx. 

many  periods,  and  they  are  yet  an  appreciable  feature  in  the  plant 
world.  Ferns  may  be  foimd  to-day  that  might,  so  far  as  outer 
form  is  concerned,  be  referred  to  genera  prevalent  in  Carboniferoug 
time;  yet  under  this  general  similarity  and  persistency  of  form,  they 
have  undergone  notable  changes  of  structure  and  function.    In  Car- 
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boniferous  times  they  had  more  comprehensive  characters,  and  were 
in  part  more  primitive  than  now,  and  in  part  more  advanced,  or  at 
least  more  closely  allied  to  the  higher  type,  gymnosperms.  The  fruiting 
organs,  however,  were  only  rarely  well  preserved,  and  this  limits  a 


Fig.  277. — A  group  of  plant  fossils,  occurring  in  concretions  in  the  Coal  Measures  at 
Mazon  Creek,  111.:  a,  Neuropteris  decipiens  Lx.;  6,  and  c,  Pecopteria  unita  Br«T.: 
d,  CaUipteridium  sp.;  e,  Annularia  Umgifolia  Brgt.;  /,  Annularia  apenophyUtndt^ 
Zenk.,   gr,    Cordianthus   sp.,   and   h,   Lepidostrobus   sp. 

precise  knowledge  of  rank  and  kinship  in  many  species.  The  majority 
were  herbaceous,  but  there  were  many  tree  ferns  some  of  which  re^chcii 
heights  of  sixty  feet.  One  of  these  is  represented  in  the  right  rear  cen- 
ter of  the  group  in  Fig.  275.  The  fronds  of  several  prominent  genera 
are  illustrated  in  Fig.  276,  some  of  which,  however,  probably  belongeti 
to  transitional  types,  and  not  true  ferns.    The  ferns  seem  to  have  been 
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even  then  about  as  well  differentiated  from  the  horsetails  and  lycopods 
as  they  are  now,  and  so  their  ancestry  is  not  revealed  by  close  approach 
to  more  primitive  forms;  but,  on  the  other  hand,  their  relations  to  their 
descendants  seem  to  be  shown  by  transitional  forms,  particularly  by 
an  interesting  group  not  yet  well  defined,  the  Cycadoiilices,  through 
which  they  seem  to  have  evolved  into  cycads,  and  perhaps  into  the 
whole  gyinnospermous  group,  though  this  is  an  open  question. 

The  Cycadofilices  (Pteridospermae).^ — It  has  recently  been  ascer- 
tained that  not  a  few  of  the  fern-like  forms  possessed  structural  features 
which  combine  the  characteristics  of  ferns  and  of  cycads,  and  seem  to 
represent  the  line  of  evolution  from  ferns  to  cycads.  They  have  hence 
been  called  Cycadofilices  by  Potonie.^  It  has  been  further  found  that 
some  of  these  bore  seeds,  and  such  have  been  called  Pteridospermce  by 
Oliver  and  Scott.^  Of  these,  the  best-known  form  is  Lyginodendron, 
illustrated  by  the  excellent  restoration  of  Scott  and  Allen  (Fig.  278), 
which  exhibits  the  spiny  stems  and  leaves,  the  highly  dissected  foliage, 
the  adventitious  roots,  and  the  general  aspect.  The  leaves  had  well- 
marked  palisades  (vertically  elongated  cells  arranged  side  by  side  as 
a  protection  against  too  intense  simlight,  and  hence  significant  of  atmos- 
pheric conditions),  with  the  breathing  pores  (stomata)  on  the  underside 
of  the  leaf.  "The  whole  structure  is  altogether  comparable  to  that  of 
a  fairly  coriaceous  fern-leaflet  at  the  present  day,  and  indicates 
that  the  conditions  to  which  the  structure  was  adapted  could  not 
have  been  fundamentally  different  from  those  which  prevail  in  our 
own  epoch.''  ^  The  limits  of  the  group  are  not  yet  known,  but  it  is 
thought  to  include  Lyginodendron,  Heterangium,  Megaloxylon,  Ctado- 
doxylon,  Calamopitys,  Medullosa,  and  other  genera  foimded  on  stem- 
structure,  and  some  at  least  of  the  species  referred  to  Sphenopteris, 
Alethopteris,  Neuropteris,  Odontopteris,  CaUipteris,  lAnopteris,  Aneimites 
{Adiantes)j  CaUipteridium,  and  Lesleya,  genera  foimded  on  fronds. 

*  Scott,  Studies  in  Fossil  Botany,  Lectures  X  and  XI,  and  Pres.  Add.  Roy.  Misc. 
Soc,  Apr.  1895,  Pt.  2,  pp.  137-140.  Also  David  White,  Fossil  Plants  of  the  Group 
Cycadofilices,  Smithson.  Misc.  Coll.,  Vol.  47,  Pt.  3,  pp.  377, 390, 1905. 

'  Potonie,  Lehrbuch  die  Pflanzenpaleontologie,  p.  60,  1899. 

»  Proc.  Roy.  Soc.,  Vol.  LXXI,  1903,  p.  477,  and  Vol.  LXXIII,  1904,  p.  4;  Phil. 
Trans.,  VoL  697,  B,  1904,  p.  193.  As  the  bearing  of  seed  places  these  forms  among 
the  gymnosperms  in  the  most  extended  sense  of  that  term,  it  is  doubtful  whether  the 
tenn  PteridoapemuB  can  properly  be  retained,  and  the  earlier  term  Cycadofilices  is 
given  precedence  here. 

*  Scott,  Studies  in  Fossil  Botany,  p.  326. 
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The  frond-genera  belong  in  large  part  to  the  stem-genera,  the  fronds 
of  the  Lyginodendron  being  sphenopterids,  those  of  Medidlosa,  neurop- 
terids  and  alethopterids,  and  so  forth;  but  the  full  association  of  fronds 
and  stems  has  not  yet  been  determined.  How  nearly  the  group  grades 
into  the  true  ferns  is  not  known,  but  in  a  general  way  it  constitutes  a 
transition  series  between  the  ferns  and  cycads,  and  is  apparently  an 
illustration  of  a  radical  evolution  in  progress.  Initial  forms  have 
been  identified  from  the  Devonian  and  Subcarboniferous,  and  a  few 


Fig.  278. — ^A  typical  Cycadofilices.  Lyginodendron  oldhamia. 

Sc«tt  and  J.  Allen.) 


(Restoration  by  D.  H. 


are  found  in  the  Permian;  but  the  group  is  essentially  Carboniferous, 
which  suggests  that  probably  the  evolution  was  mainly  accomplished 
between  the  Devonian  and  the  close  of  the  Carboniferous. 

The  Equisetales  (calamites,  horsetails). — ^What  is  now  the  lowly 
tribe  of  horsetails  with  a  single  genus,  Equisetum,  constituted  a  marked 
feature  in  the  Carboniferous  flora,  in  the  form  of  CalamUes.  These 
calamarians  not  only  attained  much  greater  siases,  but  much  higher 
and  more  varied  organizations  than  the  present  equiseta.  Even  the 
largest   tropical  members   of   to-day,  on   the   eastern   slope   of    the 
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Andes,  have  but  slender  stems  30  or  40  feet  long,  whereas  the  Carbon- 
iferous calamites  reached  a  foot  or  two  in  diameter  and  probably  60  to 
90  feet  in  height.    The  calamarians  had  hollow  stems,  or  a  core  of 
pith  only,  and  casts  of  the  interior  are  among  the  most  common  forms 
of   the  fossil  (Fig.  279,  a).    The 
constriction  at  the  node  in  the  cast 
is  due  to  the  internal   thickening 
of   the  walls,  the  complement  of 
a  ring-like   expansion    externally. 
The  greatest  divergence  of  the  stem 
from  the  modern  forms   consisted 
in  a  secondary  growth,  apparently 
a    means    of    strengthening    the 
stem  to  meet  the  exigencies  of  great 
growth.    The  arrangement  of  the 
stem  tissues  was  also  much  more 
complex   than   in   modem   forms. 
More    notable    geologically    than 
either  of  these  features  was  a  great 
development  of  cork  on  the  outside, 
sometimes  reaching  a  thickness  of 
two  inches  or  more.    This  probably 
implies  adaptation  to  some  climatic 
or  other  physical  condition.    Cala- 
mite  stems  have  been  found  show- 
ing wounds  which  had  been  healed 
over  by  woimd  cork,  as  in  modern 
times.    The  branches  from  the  main 
trunk  were   comparatively  few,  and   placed   in  whorls.    The   leaves 
also  were  placed  in  whorls  (Fig.  279,  6)  and  were  apparently  very  much 
bedwarfed  from  some  ancestral  form,  but  not  so  much  so  as  in  the 
modem  type  in  which  the  leaves  have  almost  disappeared.    In  the 
Devonian  Archeocalamites,  the  leaves  were  forked;    in  the  Carbon- 
iferous calamites,  they  were  lanceolate,  implying  a  progressive  sim- 
plification of  the  leaf.    The  upper  and  lower  sides  of  the  leaves  were 
strongly  contrasted,  the  stomata  deeply  set,  and  the  palisades  radially 
arranged;  in  short,  the  structure  was  of  the  type  adapted  to  dry  weather 
(xerophy tic)  as  in  the  pine  and  in  many  desert  plants,  and  also,  strangely 


Fig.  279. — Carboniferous  Equisetales  and 
Sphenophyllales:  a,  Calamites  cistii;  6, 
Annularia  sphenophylloides;  c,  Spheno- 
phyUum  longijolium. 
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enough,  in  undrained  swamp  plants.  The  trunks  arose  from  stout 
underground  rhizomes.  The  root  structure  was  of  the  type  commonly 
found  under  water  or  in  wet  mud.  The  reproductive  organs  were  in 
spikes  or  strobiles,  and  gave  evidence  of  higher  development  than  now. 
The  calamites  were  probably  associated  in  thickets  or  jungles  of  the 
cane-brake  or  bamboo  type.  Grand'Eury  reports  great  forests  of  them 
in  situ  in  central  France.  They  probably  frequented  swamps  and 
lowlands.  As  the  calamites  were  well  differentiated  in  the  Devonian 
their  history  may  run  far  back.  Their  derivation  is  uncertain,  but 
the  next  group  throws  much  light  on  their  relations. 

The  Sphenophyllales. — Recent  studies  have  shoi^Ti  that  the  grace- 
ful, slender  plants  with  whorled  leaves,  referred  to  the  genus  Spheno- 
phyllum  (Fig.  279,  c),  and  formerly  classed  as  calamites,  differ  in  impor- 
tant features  from  all  calamarians,  and  from  the  other  great  divisions 
of  the  pteridophytes,  and  form  a  class  by  themselves.  Their  import- 
ance lies  chiefly  in  the  fact  that  while  they  have  certain  calamarian 
features,  they  have  others  possessed  by  the  lycopods,  which  is  inte;- 
preted  to  mean  that  these  two  groups  were  united  with  the  Spheno- 
phyUales  in  a  common  ancestral  form.^  The  stems  were  long,  sleniler, 
and  apparently  weak,  and  so  a  climbing  habit  has  been  inferred.  Tlie 
leaves  were  without  palisades,  suggestive  of  a  shady  habitat,  perhaps 
one  of  undergrowth.  The  class  was  represented  in  the  Devonian, 
had  its  climax  in  the  middle  Coal  Measures,  and  continued  into  the 
Permian  and  possibly  later. 

The  Lycopodiales. — This  was  the  master  group  of  the  Coal  flora, 
constituting  trees  of  large  size  and  attaining  to  the  highest  organi- 
zation reached  by  the  pteridophytes.  From  that  high  estate,  they 
have  since  fallen  to  prostrate  or  weakly  ascending  plants  of  moss- 
like aspect  (club  mosses,  ground  pines).  The  chief  genera  were  Lepi- 
dodendron  and  Sigillaria,  of  which  the  former  was  the  earlier  and  sim- 
pler type.  Both  take  their  names  from  the  leafnscars  or  leaf-cushions 
(lepidos= scale,  sigilla=seal)  which  the  trunks  retained  with  much 
persistency,  implying  Uttle  or  no  exfoliation,  though  the  trunks  were 
affected  by  secondary  growth.  The  scars  are  for  the  most  part  the 
leaf-bases  or  leaf-cushions,  rather  than  the  actual  scar,  which  occupit*^ 
but  a  small  part  of  the  cushion.  In  the  lepidodendrons  they  are  ar- 
ranged spirally  (Fig.  280);  in  the  sigillarians,  vertically  (Fig.  281). 

*  Seward,  Fossil  Plants,  p.  413.    Scott,  Studies  in  Fossil  Botany,  p.  494. 
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The  trunks  of  lepidodendrons  were  erect  and  branched  dichoto- 
mously  at  a  great  height,  some  having  been  found  100  feet  in  length, 
which  is  probably  not  the  maximum.  The  leaves  were  linear  or  needle- 
shaped,  ranging  up  to  six  or  seven  inches  in  length,  and  were  set  densely 
on  the  branches.  The  breathing  pores  were  confined  to  the  walls 
of  two  very  deep  furrows  on  the  underside  of  the  leaves.  Besides  a 
protecting  epidermis,  there  were  thick-walled  cells  within,  as  in  the 
modem  pine,  and  the  mesophyll  was  loose  without  palisades,  facts 
of  interest  as  bearing  on  climatic  or  other  conditions  to  be  discussed 
later.    The  manner  of  reproduction  is  a  point  of  peculiar  interest, 


Fio.  280. — ^Leaf  markings  of  a  lepidoden- 
dron,  Lycopodites  welthermianum,  St. 


Fio.  281. — Leaf  markings  of  a 
sigillarian. 


for  in  some  cases  the  fruit  seems  to  have  taken  on  the  characteristics 
of  seeds  rather  than  spores,  making  the  development  of  the  lycopods 
fall  into  analogy  with  that  of  the  fern  group,  in  passing  from  the  spore- 
bearing  to  the  seed-bearing  habit.  It  is  not  yet  known  whether  any 
of  these  seed-bearing  lycopods  developed  into  permanent  gymno- 
spermous  types  or  not.  One  form  of  the  fruit  was  distinctly  winged, 
and  other  forms  showed  adaptation  to  transportation  by  wind.  Over 
100  species  have  been  described. 

The  sigillarians  differed  from  the  lepidodendrons  in  being  almost 
entirely  imbranched.    They  were  perhaps  the  largest  of  the  Carbon- 
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iferous  trees,  their  ribbed  trunks  being  known  to  reach  six  feet  in 
diametery  and  100  feet  or  more  in  height.  As  in  lepidodendrons,  the 
stems  were  densely  clothed  with  erect,  rigid,  linear  leaves,  which  had 
two  deep  furrows  on  the  under  side  to  which  the  breathing  pores  were 
confined.  The  pores  were  protected  still  further  by  hairs  in  the  fur- 
rows. The  sigillarians,  like  the  lepidodendrons,  have  secondary  wood 
and  a  thick  cork  layer.  The  degree  of  development  of  cork  is  almost 
unequalled  in  modern  trees,  except  in  the  cork-oak  and  its  allies. 

Stigmaria  were  the  roots,  or  perhaps  stolons,  of  sigillarians  and 
probably  of  lepidodendrons,  the  scars  that  mark  them  being  the  points 
of  attachment  of  appendages  or  rootlets.  Tap  roots  are  never  pres- 
ent, the  main  roots,  usually  four  in  number  at  the  start,  spreading 
horizontally. 

We  have  entered  thus  into  detail  respecting  these  remarkable 
plants,  partly  because  of  the  interest  which  they  have  as  the  con- 
stituents of  the  first-known  great  forests,  and  partly  because  not  a 
few  of  their  features  are  suggestive  of  the  climatic  and  other  physical 
conditions  by  which  they  were  surrounded,  a  question  to  be  considered 
presently. 

The  lepidodendrons  seem  to  have  reached  their  climax  early  in  the 
Coal  Measure  period  and  to  have  declined  during  the  later  portion, 
so  that  they  had  nearly  all  disappeared  by  the  close  of  the  period. 
In  the  latter  part  of  the  period,  the  sigillarians  passed  the  lepidoden- 
drons in  abundance,  but  they  also  were  decidedly  on  the  wane  at 
its  close.  Whether  or  not  this  rather  sudden  decline,  followed  by  an 
early  extinction,  was  connected  wdth  such  climatic  changes  as  are 
indicated  by  the  glaciation  of  India,  Australia,  and  South  Africa, 
and  which  seem  to  have  occu  ed  not  far  from  this  time,  is  a  question 
which  naturally  arises,  but  it  cannot  be  answered  demonstratively 
at  present. 

The  Cordaites. — This  was  a  remarkable  extinct  family  of  the  gjTnno- 
spermous  type,  having  alliances  with  the  cycads,  conifers,  and  ginkgos, 
and  yet  many  distinctive  features  of  its  own.  The  cordaites  were 
tall,  rather  slender  trees,  reaching  two  or  more  feet  in  diameter,  and 
90  feet  or  more  in  height.  The  wood  was  of  the  coniferous  type, 
covered,  as  in  so  many  other  plants  of  the  period,  by  a  thick  com- 
plex bark.  The  trunks  had  a  large  pith.  The  leaves  were  parallel 
veined,  suggestive  of  monocotyls  of  the  yucca  type,  and  sometimes 
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attained  a  length  of  six  feet  and  a  width  of  half  a  foot.  They  were 
preserved  in  great  abundance  and  make  up  a  large  part  of  some  beds 
of  coal.  The  leaf-structure  7combined  characters  now  possessed  by 
certain  conifers,  with  others  possessed  by  certain  cycads.  Palisades 
were  sometimes  well  developed,  though  sometimes  replaced  by  water- 
storage  tissues.  In  one  form  observed,  the  leaf  had  a  distinctly  fleshy 
character,  as  if  adapted  to  xerophytic  life.^  The  floral  organs  were 
peculiar  to  the  family  and  have  been  worked  out  with  marvelous  suc- 
cess, even  the  structure  of  the  pollen  ha\'ing  been  determined.  The 
inflorescence  took  the  form  of  separate  male  and  female  catkins, 
arranged  on  slender  stalks  attached  to  the  stem  between  the  leaves. 
The  seeds  (Cardiocarpus)  were  of  the  cycadian  rather  than  of  the 
conifer  type,  and  were  very  abimdant  and  sometimes  winged,  with 
a  view  to  wind  transportation.  In  the  working  out  of  the  structure 
of  the  cordaites,  it  has  been  shown  that  many  fossils  referred,  on  account 
of  the  wood  structure,  to  conifers  (e.g.  Dadoxylan,  Araucarioxylon) , 
are  cordaitean,  and  that  the  forms  known  as  Artisia  or  Sternbergia 
are  casts  of  the  pith-cavity  of  cordaites;  and  not  a  few  other  mis- 
interpretations  have  been  corrected. 

The  transfer  of  so  many  supposed  conifers  to  the  cordaites  leaves 
it  doubtful  whether  any  true  conifers  are  recorded  from  the  Carbon- 
iferous, though  they  were  probably  represented  in  the  Permian.  Numer- 
ous seeds  are  found  in  Carboniferous  beds  that  cannot  certainly  be 
referred  to  cordaites  or  other  known  forms,  some  of  which  may  belong 
to  conifers.  As  previously  remarked,  the  upland  vegetation  is  not 
known,  and  it  is  not  impossible  that  conifers,  a  type  specially  suited 
to  an  upland  habitat,  prevailed  there. 

Cycads  have  been  conmionly  reported  from  the  Carboniferous, 
but  the  evidence  remains  inconclusive;  the  same  may  be  said  of  the 
ginkgos.    There  is  no  evidence  whatever  of  angiosperms. 

The  Distribution  of  the  Carboniferous  Flora. 

The  Coal  flora  of  North  America  and  that  of  Europe  were  strikingly 
similar,  implying  close  geographic  relations  and  like  conditions.  Nearly 
all  the  genera,  and  about  one  third  of  the  species,  were  identical.  In 
part  at  least,  this  flora  extended  to  high  latitudes  in  the  environs  of 

*  Scott,  Studies  in  Fossil  Botany,  p.  425. 
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the  North  Atlantic,  as  shown  by  Heer/  and  others.  Species  of  Astro- 
phyllites,  Sphenopteris,  Sphenophyllum,  Lepidodendron,  Stigmaria,  and 
Cordaites  have  been  found  in  Spitzbergen,  including  the  cosmopolitan 
species  Lepidodendron  stembergii  and  Cordaites  borassifoliiis.  Sphenop- 
teris is  reported  from  Melville  Island  in  association  with  coal.  A 
very  similar  flora  is  found  in  the  Coal  Deposits  of  China,  embracing 
Callipteridium,  NeuropteriSj  Palceopteris,  Sphenopteris,  Catamites,  Spheno- 
phyllum, Lepidodendron,  and  Cordaites.  In  southern  Asia  neither  the 
record  nor  its  bearing  is  altogether  clear.  In  the  Salt  Range  in 
northwestern  India,  the  marine  "Productus  beds"  contain  some  species 
regarded  as  Carboniferous,  commingled  with  others  of  more  recent 
aspect,  while  at  its  base  are  bowlder  beds  with  glacial  markings,  imply- 
ing conditions  quite  at  variance  with  the  warmth  and  uniformity 
usually  postulated  for  the  Coal  Measures  period.  In  the  center  of  the 
peninsula  of  India,  the  Talchir  formation  contains  both  coal  and  gla- 
cial beds,  and  is  referred  by  authors  with  hesitation  to  the  Upper  Car- 
boniferous and  Permian.  In  Australia,  the  earliest  coal-beds  contain 
Lepidodendron  and  Cordaites,  but  the  chief  coal-beds  contain  Glossop- 
teris  (a  tongue-shaped  fern)  and  its  associates,  to  be  described  later. 
Closely  associated  with  these  coal-beds  are  glacial  beds  also  to  be 
described  later.  The  Glossopteris  flora  characterizes  all  the  plant- 
beds  that  are  later  than  the  glacial  beds.  Species  of  Glossopteris  seem 
to  have  appeared  before  the  formation  of  the  glacial  beds,  and  per- 
haps as  early  as  the  Lower  Carboniferous.  In  South  Africa  there 
are  beds  containing  Lepidodendron  and  other  Carboniferous  species, 
overlain  imconformably  by  the  Dwyka  Conglomerate,  a  part  of  which 
is  glacial,  and  above  which  the  Glossopteris  flora  prevails. 

Taking  the  phenomena  of  India,  Australia,  and  South  Africa 
together,  they  make  a  puzzling  combination.  If  the  chief  coal-beds 
be  referred  to  the  Carboniferous  proper,  it  introduces  glacial  beds, 
and  a  great  floral  break,  into  the  midst  of  a  system  which  has  usually 
been  held  to  be  marked  by  great  uniformity  the  world  over.  It  L?, 
however,  more  probable  that  the  glacial  beds  and  all  the  formations 
above  them  are  to  be  referred  to  the  Permian  period,  and  this  inter- 
pretation will  be  followed  in  this  work.  Even  when  these  extraordinary 
formations  are  eliminated,  it  is  not  wholly  clear  that  the  flora  of  the 
southern  regions  was  very  closely  identical  with  that  of  the  northern. 
*  Flora  Fossilis  Arctica,  IV,  1877. 
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Lepidodendron  and  Sigillaria  extended  to  that  region,  but  Glossopteris, 
singularly  related  to  the  glacial  formations,  seems  to  have  been  con- 
temporaneous with  them,  while  it  did  not  reach  Europe  till  the  late 
Permian  and  is  not  known  to  have  reached  North  America  at  all. 
With  the  present  imperfect  data  for  the  southern  hemisphere,  it  is 
uncertain  whether  the  northern  coal  flora,  as  a  whole,  ever  extended 
to  that  region,  although  some  of  its  leading  genera  certainly  did. 
While  recognizing  the  great  uniformity  of  the  Carboniferous  vegeta- 
tion of  North  America,  Europe,  and  a  portion  of  Asia,  it  is  prudent 
to  hold  opinion  in  reserve  relative  to  the  southern  hemisphere. 

Climatic  Implications  of  the  Coal-plants. 

WTiile  the  foregoing  facts  are  fresh  in  mind,  it  may  be  best  to 
inquire  what  suggestions  arise  from  the  characters  of  the  plants  rela- 
tive to  the  atmospheric  conditions  imder  which  the  Coal  flora  grew. 
Two  rather  antagonistic  views  relative  to  these  conditions  have  been 
held.  The  older  of  these  views  regards  the  accumulation  of  the  thick 
deposits  of  coal  as  evidence  of  a  very  luxuriant  growth  of  vegetation, 
which  in  turn  has  been  thought  to  imply  a  very  warm,  moist  atmos- 
phere, heavily  charged  with  carbon  dioxide.  The  abimdance  of  tree- 
ferns  and  of  large  equiseta,  such  as  now  are  found  only  in  tropical 
countries,  has  been  thought  to  strongly  support  this  view.  The  occur- 
rence of  coal  deposits  and  of  the  Coal  flora  in  high  latitudes  has  been 
appealed  to  as  proof  of  imiformity  of  climate.  This  view  was  formerly 
held  almost  unanimously,  and  still  preponderates.  Its  grounds  seem 
to  be  strong.  The  alternative  view  which  has  grown  up  in  recent 
years  postulates  less  rapidity  of  growth,  less  warmth  and  moisture, 
and  more  diversity  of  atmospheric  states,  as  well  as  a  nearer  approach 
to  the  present  atmospheric  constitution,  though  it  accepts  a  some- 
what increased  percentage  of  carbon  dioxide,  and  assumes  a  milder 
and  more  imiform  climate  than  the  present.  The  basis  of  this  view 
(held  in  different  degrees  and  phases  by  different  geologists)  is  found 
in  the  following  considerations.  Great  thicknesses  of  coal  do  not 
necessarily  imply  rapid  accumulation,  any  more  than  great  thick- 
nesses of  limestone.  Given  favorable  conditions  of  preservation,  a 
slow  growth  will  produce  the  thicknesses  realized.  At  present  the 
accumulation  of  peat,  the  nearest  analogue  of  coal  formation,  indeed 
the  first  step  in  coal  formation,  is  most  favored  in  cool  climates,  and 
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is  chiefly  taking  place  in  high  latitudes,  though  it  is  also  taking  place 
in  favored  situations  m  low  latitudes.  These  situations,  however, 
are  rather  rare  and  local,  while  peat  formation  in  high  latitudes  covers 
great  areas.  A  high  temperature,  while  it  promotes  a  luxuriant  growth 
of  vegetation,  also  promotes,  in  an  even  higher  degree,  decomposition, 
under  usual  conditions. 

The  characteristic  foliage  of  a  warm,  moist  atmosphere  takes  the 
form  of  broad  leaves  with  a  thin  epidermis  and  with  many  and  large 
breathing  pores,  affording  abundant  facilities  for  the  transpiration 
of  moisture.  The  dominant  plants  of  the  Coal  flora,  notably  the  char- 
acteristic lepidodendrons  and  sigillarias,  have  narrow  leaves  with  the 
breathing  pores  confined  to  deep  furrows  on  the  under  side,  and  even 
then,  in  some  cases,  protected  by  hairs,  devices  that  are  common  Avhen 
the  plant  must  guard  itself  against  too  rapid  expiration  of  moisture, 
de\dces  technically  known  as  xerophytic.  These  have  been  care- 
fully noted  in  the  preceding  descriptions,  because  of  their  possible 
significance.  It  was  also  observed  that  most  of  the  leaves  of  the  forest- 
trees  were  protected  from  too  great  action  of  the  simlight,  by  palisade 
cells  on  the  upper  sides  of  the  leaves.  It  was  noted  further  that 
most  of  the  trees  were  clothed  by  unusually  thick  corky  bark,  as 
though  protection  from  external  conditions  was  needed.  It  has  been 
suggested,  indeed,  that  this  bark  was  succulent,  rather  than  corky,  but 
it  is  the  part  best  preserved,  and,  according  to  Dawson,  often  makes  up 
a  large  part  of  the  coal,  because  the  wood  and  the  foliage  more  largely 
perished,  facts  hardly  consistent  with  a  succulent  nature.  The  remark- 
able preservation  of  the  leaf  scars  is  interpreted,  on  the  one  side,  to 
mean  an  extremely  rapid  growth  and  quick  burial,  and  on  the  other 
side,  to  mean  a  texture  very  resistant  to  decomposition,  and  an  atmos- 
phere unfavorable  to  decomposition,  by  reason  of  dryness  or  coolness. 
Taken  as  a  whole,  the  thickness  of  the  bark,  its  superior  resistance 
to  decomposition,  the  form  of  the  leaves,  presenting  small  surfaces 
rather  than  expansive  ones,  with  their  strong  sclerenchymatous  tis- 
sues, their  palisades,  and  their  restricted  and  protected  stomata,  give 
a  pronounced  xerophytic  aspect  to  the  overgrowth  made  up  of  lepi- 
dodendrons, sigillarias,  calamites,  and  cordaites.  It  is  not  equally  so 
with  the  imdergrowth,  the  ferns,  and  the  sphenophylls,  but  this  should 
not  be  expected  of  shaded  plants,  unless  the  aridity  was  extreme. 

The  force  of  the  inference  from  the  xerophytic  aspect  of  the  o\'er- 
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growth  is  much  weakened,  however,  by  the  fact  that  the  vegetation 
of  undrained  swamps  and  bogs  assimies  many  of  these  xerophytic 
features,  which,  in  such  cases,  obviously  become  pseudoxerophytic. 
A  satisfactory  explanation  of  this  phenomenon  has  not  yet  been  found, 
nor  has  its  extent  and  its  limitations,  either  in  respect  to  the  nature 
and  degree  of  swampiness  necessary  to  produce  it,  or  in  respect  to 
the  kinds  of  plants  or  the  parts  of  plants  affected,  been  so  thoroughly 
worked  out  as  to  permit  a  close  appUcation  to  the  problem  in  hand. 
It  is  obvious  that  to  fit  the  case,  marsh  or  bog  conditions  must  have 
produced  pseudoxerophytic  adaptations  in  the  great  mass  of  the 
tree  growth,  but  not  in  the  ferns  and  sphenophyllous  plants.  The 
effects  must  apparently  also  be  extended  to  all  plants  brought  into 
the  depositing  basins  by  drainage,  whether  these  were  true  swamp 
plants  or  not,  unless  a  closer  study  of  the  Coal  flora  shall  show  that 
the  xerophytic  aspect  was  not  assumed  by  all  species  of  the  trees 
involved.  It  is  clear  that  a  more  critical  study  of  the  problem  on 
all  sides  is  necessary  before  a  final  conclusion  can  be  reached.  This 
will  become  the  more  apparent  when  we  bring  into  consideration, 
as  we  must  a  little  later,  the  extraordinary  phenomena  of  glaciation 
in  low  latitudes,  alternating  with  coal  deposition,  though  the  flora 
then  involved  was  not  identical  with  that  here  considered.  It  bears, 
however,  on  the  question  whether  thick  coal-beds  necessarily  mean 
rapid  growth.  It  will  be  found  that  the  coal-beds  that  he  between 
the  glacial  beds,  attained  the  usual  thicknesses. 

The  influence  of  increased  carbon  dioxide  on  plant  growth. — It  has 
been  conmionly  believed  that  a  moderate  increase  of  carbon  dioxide 
in  the  air  would  promote  a  more  luxuriant  plant  growth,  and  some 
experiments  seem  to  confirm  this.^  In  recent  experiments  by  Brown 
and  Escombe,^  on  the  contrary,  where  an  increase  of  carbon  dioxide 
to  the  extent  of  three  or  more  times  the  normal  amount  was  used,  the 
growth  of  the  plants  employed  (angiosperms)  was  appreciably  decreased, 
the  structure  was  adversely  modified,  the  growth  of  the  internodes 
was  checked,  the  leaves  became  smaller,  and  there  were  changes  of  a 

*  E.  C.  Tealoresco,  Influence  de  PAcide  Carbonique  sur  la  Forme  et  la  Structure 
des  Rantes.     Rev.  Gen.  de  Botanique,  Vol.  II,  1899. 

'  The  Influence  of  Varying  Amounts  of  Carbon  Dioxide  in  the  Air  on  the  Photo- 
synthetic  Process  of  Leaves  and  on  the  Mode  of  Growth  of  Plants.  Proc.  Roy.  Soc., 
London,  LXX,  1902,  p.  379;  On  the  Influence  of  an  Excess  of  Carbon  Dioxide  in 
the  Air  on  the  Form  and  Internal  Structure  of  Plants,  ibid.,  p.  413 


606  GEOWGY. 

pauperitic  nature  in  the  tissues  and  general  aspect  of  the  plant,  while 
the  flowering  was  greatly  restricted,  and  in  some  cases  prevented  alto- 
gether. At  the  same  time  it  was  shown  that,  temporarily,  the  photo- 
sj-nthesis  of  the  carbon  dioxide  was  increased,  and  that  the  leaves 
were  engorged  with  starch.  The  inference  was  drawn  that  the  dwarf- 
ing eflfects  were  due  to  a  disturbance  in  the  adjustments  of  the  plant. 
This  might  perhaps  be  overcome  in  time  by  means  of  a  gradual  change, 
so  that  no  safe  conclusions  can  be  drawn  relative  to  the  effects  of 
a  variation  in  the  proportion  of  carbon  dioxide  brought  about  by  a 
change  of  geological  slowness.  It  is  to  be  noted,  too,  that  the  plants 
experimented  on  were  all  angiosperms,  and  may  be  more  subject  to 
disturbance  by  increased  carbon  dioxide  than  the  lower  groups  which 
lived  in  Carboniferous  times. 

The  seemingly  conflicting  import  of  the  preceding  considerations 
lends  imcertainty  to  all  inferences,  and  invites  reserve  in  interpreta- 
tion, as  well  as  more  critical  study  in  the  field  and  laboratory. 

II.  The  Land  Animals. 

The  animal  life  of  the  land  embraced  amphibians,  insects,  spiders, 
scorpions,  and  myriapods.  The  development  of  the  amphibians  was 
the  most  significant  feature,  for  it  was  the  initiation  of  the  great  line 
of  land  vertebrates,  the  ruling  dynasty  from  that  day  to  this. 

The  rise  of  the  amphibians. — Tracks  attributed  to  amphibians 
occur  as  early  as  the  Devonian.  In  the  Mississippian,  there  is  a  similar 
record  of  a  four-footed  animal  of  thirteen-inch  stride,  beUeved  to  have 
been  made  by  one  of  the  primitive  amphibians,  but  in  neither  of  these 
periods  have  any  reUcs  of  the  animal  itself  been  found  in  America, 
and  only  imperfect  fossils  in  Europe.  These  are  sufficient,  however, 
to  fairly  attest  the  presence  of  land  vertebrates.  The  amphibian 
relics  from  the  Carboniferous  beds  confirm  their  earlier  presence  by 
such  a  degree  of  structural  differentiation  as  to  clearly  imply  a  long 
antecedent  existence.  The  conditions  of  the  Devonian  period  must 
surely  have  been  peculiarly  favorable  for  the  evolution  of  the  amphib- 
ians, for  fish  having  structures  akin  to  the  amphibians,  and  appar- 
ently susceptible  of  amphibian  development  aboimded,  and  there 
was  much  shifting  of  land  and  water  areas,  and  doubtless  much 
competition   and    conflict    and   forcing   of   new   adaptations,   as    a 
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result.  The  emergencies  of  shoaling  water  and  shifting  drainage 
must  inevitably  have  called  into  play  such  powers  of  air-breathing 
as  the  fishes  of  the  time  possessed,  as  well  as  such  ability  as 
they  may  have  had  to  use  the  paired  fins  in  locomotion  on  the 
land.  The  great  development  of  the  limg-fishes  in  the  Devonian  is 
perhaps  one  result  of  this,  and  they  have  been  regarded  as  the  pos- 
sible ancestors  of  the  amphibians.  This  view  is  now  largely  aban- 
doned for  anatomical  reasons,  and  some  branch  or  branches  of  the 
crossopterygians  regarded  as  the  more  probable  ancestors.  The  con- 
necting link,  however,  yet  awaits  discovery;  but  evolution  from  some 
form  of  fish  as  early  as  the  Devonian  period,  if  not  earlier,  is  re- 
garded as  extremely  probable.  Because  of  the  fatal  effects  of  salt 
water  on  modem  amphibians,  and  for  other  reasons  discussed  in 
connection  with  the  Devonian  fish,  there  is  a  presumption  that  the 
evolution  took  place  in  and  from  fresh  water,  not  unlikely  in  the 
continental  interior  where  fluctuations  in  drainage  and  precipita- 
tion might  well  have  been  greater  than  on  the  coast,  and  hence  the 
scantiness  of  the  transition  record.  Even  in  the  early  Carboniferous 
the  record  was  poor,  and  relics  of  amphibians  appear  in  abundance 
only  in  the  later  Coal  Measures.  They  were  then  already  differentiated 
into  five  suborders,  Branchiosauria,  Aistopoda,  Microsauria,  Temnch 
spondyli,  and  Labynnthodonta}  These  were  all  still  rather  primitive 
in  structure,  but  they  were  quite  far  from  being  the  real  transition 
forms.  They  are  the  most  primitive  terrestrial  vertebrates  known  at 
present,  and  if  not  really  the  ancestors  of  all  later  land  vertebrates, 
they  probably  represent  their  general  nature.  They  all  seem  to  have 
been  low,  elongate  forms  of  salamandrine  aspect,  and  are  classed  as 
stegocephalians  (roofed-head),  their  heads  being  well  roofed  over  by 
the  bony  plates  of  the  skull.  They  have  also  been  termed  labjrrintho- 
donts,  from  the  intricate  infolding  of  the  dentine  of  the  teeth  of  one 
of  the  suborders,  but  the  others  do  not  possess  the  character. 

The  Branchiosauria  were  perhaps  the  most  primitive  in  structure, 
though  they  have  not  been  found  earUer  than  some  of  the  more  ad- 
vanced types.  They  were  small  and  salamander-like  in  form,  with 
short,  stumpy,  weak  limbs  and  abbreviated  tails.  The  teeth  were 
simple,  hollow  cones,  not  labyrinthine.    Forms  in  all  stages  of  growth 

*  The  classification  here  followed  is  slightly  modified  from  that  of  Smith  Wood- 
ward, Vert.  Pal.,  from  whom  many  of  the  following  facts  are  drawn. 
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have  been  found,  showing  that  gills  were  possessed  in  the  early  stages, 
that  they  were  lost  later,  and  that  finally  the  adult  amphibian  form 
was  assumed,  thus  establishing  fully  the  amphibian  metamorphism. 
The  ventral  surface  was  usually  protected  by  small  overlapping  plates 
or  scutes,  and  these  sometimes  extended  to  the  legs  and  back.  Two 
genera  (from  Linton,  Ohio)  have  been  referred  to  this  suborder,  per- 
haps with  some  doubt.  Other  genera  are  known  from  the  Permian  of 
Bohemia,  Saxony,  and  France. 

The  Aistopoda  were  snake-like  forms  whose  limbs  had  been  atro- 
phied, which  impUes  that  a  degenerative  development  had  already 
taken  place.  The  elongation  of  their  bodies  involved  a  notable  multi- 
pUcation  of  the  vertebrae,  one  form  having  no  less  than  150.  The 
animals,  or  some  of  them,  were  protected  by  scutes  beneath,  and  were 
armed  with  small  ossicles  on  the  back.  Their  teeth  were  simple  hollow 
cones  without  infolding.  Two  genera  (Phlegethontia  and  Molgophi.^) 
have  been  found  in  Ohio,  one  or  two  in  the  Carboniferous  of  Ireland, 
and  two  in  the  Lower  Permian  of  Bohemia.  One  of  the  Irish  genera 
{Dolichosoma)  is  very  closely  related  to  the  Ohio  forms,  and  they  have 
even  been  supposed  to  be  identical,  a  significant  fact  in  \dew  of  their 
wide  separation  and  their  limited  means  of  dispersion. 

The  Microsauria  were  like  the  branchiosaurs  in  having  salaman- 
drine  forms,  and  conical  teeth  with  simple  or  only  slightly  infolded 
walls.  Compared  with  the  other  suborders,  their  vertebrae  were 
more  like  those  of  the  modern  reptiles,  their  skeletons  were  more  com- 
pletely ossified,  their  skulls  contained  less  cartilage,  and  their  limbs 
were  longer  and  stronger.  Some  of  them  at  least  probably  ran  with 
lizard-like  agility,  and  perhaps  climbed  readily,  since  many  have  been 
found  in  the  trunks  and  stumps  of  trees,  as  in  the  coal-mines  of  South 
Joggins,  Nova  Scotia.  A  score  or  more  of  genera,  often  imperfectly 
known,  are  referred  to  this  suborder  from  the  Carboniferous  of 
America  (Nova  Scotia  and  Ohio),  and  from  the  Carboniferous  (Ireland, 
Fig.  282)  and  the  Lower  Permian  (Bohemia  and  Saxony)  of  Europe. 
They  were  in  some  respects  highly  differentiated,  and  are  regarded  by 
some  paleontologists  as  the  ancestors  of  some  or  all  the  reptiles. 

The  true  labyrinthodonts  were  doubtless  the  largest  and  most 
characteristic  amphibians  of  the  period,  though  yet  imperfectly  known. 
They  take  their  name  from  the  form  of  the  dentine  of  their  teeth,  which 
was  usually  intricately  infolded,  giving  to  the  crossHsection  a  beautiful 
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labjTihthine  arrangement,  as  shown  in  Fig.  283.  It  will  be  recalled 
that  the  holoptychian  fishes  had  a  very  similar  dental  structure.  The 
labyrinthodonts  differ  from  the  forms  referred  to  the  next  suborder 
in  having  well  ossified,  biconcave  vertebrae,  a  specialization  known  to 
have  been  reached  early  in  this  period. 
Moreover,  the  teeth  are  much  more  highly 
labyrinthine  than  in  the  known  Temno- 
spondyli.  These  features  remove  the 
labyrinthodonts  from  the  direct  line  of 
ancestry  of  some,  if  not  of  all,  the  reptiles. 
Their  skulls  reached  a  maximum  length 
of  half  a  meter  or  more  in  the  Carbon- 
iferous period,  and  by  Triassic  times,  they 
had  attained  a  length  of  at  least  a  meter 
and  a  quarter,  from  which  the  full  length 
of  the  animal  is  inferred  to  have  been 
four  or  five  meters;  but  in  general,  if 
compared  with  modern  crocodilians,  they 
must  be  regarded  as  of  only  moderate 
size. 

The  Temnospondyli  differed  from  the 
true  labyrinthodonts  in  the  divided  (rha- 
chitomous)  structure  of  their  vertebrae, 
whence  the  name.  Such  vertebrae  are 
thought  to  have  been  possessed  by  the 
earUest  known  amphibians  from  the  Lower 
Carboniferous  of  Scotland,  and  forms  with 

similar  vertebrae  have  been  found  in  the  Fig.  282.— Carboniferous  amphib- 
upper  Carboniferous.  The  Temnospondyli 
are,  however,  imperfectly  known  in  the 
Carboniferous,  though  they  doubtless  lived 
then  in  abundance  and  may  have  made  many  of  the  known  foot- 
prints. They  reached  their  highest  development  in  the  Permian,  and 
are  supposed  by  many  paleontologists  to  be  the  ancestors  of  all 
modem  reptiles. 

Not  much  is  known  of  the  food  and  life-habits  of  any  of  these 
amphibians.  From  their  teeth,  it  is  inferred  that  they  were  predaceous 
and  lived  on  fish,  crustaceans,  insects,  and  other  amphibians.    At 


ian  Lepterpeton  dobbai  Huxley: 
a  microsaurian  from  Kilkenny, 
Ireland,  about  I  natural  size. 
(Zittel.) 
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South  Joggins,  Dawson  took  thirteen  skeletons  representmg  diifferent 
amphibian  species  from  a  single  sigillarian  stmnp.  As  such  stumps 
sometimes  contained  land  shells  and  myriapods,  together  with  amphib- 
ian skeletons,  it  has  been  inferred  that  such  amphibians  were  climbers, 
and  lived  on  mollusks,  myriapods,  and  similar  land  life. 

In  certain  places  amphibian  tracks  occur  in  great  abundance, 
implying  that  the  animals  frequented  muddy  flats;  in  some  places 
also  their  remains  are  common;  it  is  therefore  inferred  that  they  were 


Fig.  283. — Cross-section  of  the  tooth  of  a  Labyrinthodont,  of  later  date  ^Triassic). 
Mastodonsaurus  giganteus,  ^isj^ly  magnified,  showing  the  deep  intricate  infoldings 
of  the  walls  of  the  tooth.     (From  Woodward  after  Owen.) 

abimdant,  at  least  locally.  IVom  their  wide  differences  of  structure 
and  their  considerable  specialization,  it  is  inferred  that  they  enjoyed 
conditions  favorable  both  to  divergence  of  type  and  to  development 
of  individual  structure,  and  these  should  have  been  found  in  the  new 
field  upon  which,  almost  or  quite  without  rivals,  they  had  entered, — 
the  empire  of  the  land. 

As  the  evolution  of  the  amphibians  constituted  the  ascent  of  the 
vertebrate  type  from  the  water  and  the  beginning  of  their  dominance 
of  the  land,  the  event  may  be  well  regarded  as  one  of  the  most  signifi- 
cant in  the  earUer  history  of  the  earth. 

The  marked  development  of    insects.^ — ^The  identification  of  400 

»Scudder,  Bull.  No.  71,  U.  S.  Geol.  Surv.,  1891,  and  works  there  referred  to. 
Brongniart,  Researches  pour  servir  a  I'histoire  des  Insectes  Fossiles  des  Temps  Pri- 
maires,  1894.  Dawson,  J.  W.,  Synopsis  of  the  air-breathing  animals  of  the  Paleo*oic 
in  Canada  up  to  1894. 
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species  of  Carboniferous  insects  from  American  deposits  and  a  com- 
parable number  from  the  European,  previous  to  1891,  with  constant 
additions  since,  indicates  the  great  development  of  this  class.    They 


Fig.  284. — Carboniferous  terrestrial  and  fresh-water  Life.  Plants:  a,  Callip' 
teridium  mansfieldi  Lesc].,  b  and  c,  Callipteridium  rnenihranaceum  Lesq.,  two  species 
of  ferns.  Land  shells:  </,  Zonites  priscus  Carp.,  e,  Pupa  vennilionensis  Bradley. 
These  land  snails  have  been  referred  to  genera  living  at  the  present  time,  and 
although  this  reference  may  eventually  prove  to  be  mcorrect,  they  are  at  least 
close  relatives  of  recent  genera.  Insects^  etc.:  /,  Euphoberia  armigera  M.  and  W., 
a  Carboniferous  myriapcxi  or  thousand-legged  worm;  g,  Eoscorpius  carbonarius, 
M  and  W.,  a  scorpion  very  similar  in  type  to  living  forms;  h,  Arthrolycosa  antiqua 
Harger,  a  spider  more  primitive  than' recent  forms  as  seen  by  the  segmentation 
of  the  abdomen;  i,  Pro^onoblattina  Columbiana  Scudd  ,  one  of  the  allies  of  the 
modem  cockroaches  which  were  the  most  conspicuous  members  of  the  Car- 
boniferous insect  fauna.  Crustacea:  7,  AnthrapaUemon  gracilis  M.  and  W.,  k^ 
Pakeocaris  typus  M.  and  W.,  two  types  of  crustaceans  found  in  the  Mazon  Creek 
nodules;  /,  Prestwichia  danw  M.  and  W.,  one  of  the  early  allies  of  the  modem 
horse-shoe  crab.     (Weller.) 

were  still,  for  the  most  part,  of  the  rather  primitive  synthetic  types, 
often  uniting  characters  not  now  found  in  the  same  order,  and  some- 
times embracing  strange  combinations,  as  a  neuropterous  wing  on  an 
orthopterous  body;  but  advancing  differentiation  was  already  mani- 
fested. The  orthopterous  group,  embracing  cockroaches  (Fig.  284,  i), 
locusts,  crickets,  and  walking-sticks,  were  greatly  in  the  lead,  followed 
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by  the  neuropterous  group,  represented  by  ancestral  mayflies,  these 
two  groups  making  up  perhaps  90  per  cent  of  the  whole.  Hemiptera 
(bugs),  which  had  appeared  earlier,  and  possibly  Coleoptera  (beetles) 
were  present,  but  there  is  no  evidence  of  bees  or  other  Hymenoptera, 
or  of  butterflies,  moths  or  other  Lepidoptera,  and  no  probability  of 
their  existence,  since  the  flowering  vegetation  on  which  they  are  depend- 
ent had  not  yet  appeared.  There  is  also  no  record  of  flies  (Diptera). 
The  evolution  of  the  class  was  therefore  quite  one-sided,  and  essentially 
ortho-neuropterous.  Curious  forms  were  developed  within  thc^se 
orders,  and  rather  remarkable  dimensions  appeared  in  some  cases, 
spreads  of  wing  of  a  foot  or  more  being  reported.  The  fossilization 
was  very  irregular,  but  rather  wide-spread,  but  the  species  seem  to  Ih^ 
very  local.  This  may  be  due  to  the  probable  fact  that  the  different 
localities  where  they  have  been  found  represent  different  horizon.*?. 
If  this  alternative  be  accepted,  it  probably  implies  a  rather  rapid  change 
of  species,  which  is  not  improbable  under  the  extraordinary  condi- 
tions that  surrounded  them. 

Spiders,  scorpions,  and  myriopods. — ^As  early  as  1890  Scudiler 
had  reported  75  species  of  arachnids  (Fig.  284,  h)  and  40  species  of 
myriopods  (Fig.  284,  /);  scorpions  (Fig.  284,  g)  also  were  present. 
Some  of  the  myriopods  were  vegetable  eaters,  but  one  can  only  wonder 
what  all  these  spiders  and  scorpions  Uved  on.  The  record  probably 
does  not  tell  the  whole  story. 

Land  snails  (Fig.  284,  d  and  e),  in  several  species,  have  been  ide^n- 
tified. 

From  the  foregoing  it  is  apparent  that  the  air-breathing  com- 
munity had  become  somewhat  large  and  diverse,  embracing  a  varies  I 
group  of  amphibians,  many  insects,  spiders,  and  myriopods,  and  some 
scorpions  and  snails.  It  is  obvious  that  all  speculative  assignment^ 
of  carbon  dioxide  in  the  atmosphere  must  be  limited  to  quantities 
compatible  with  this  life,  and  the  life  of  flying  insects  is  of  a  high 
order  of  activity. 

III.  The  Fresh-water  Life. 

Besides  fresh-water  plants,  the  life  of  the  land  waters  appears 
to  have  consisted  of  certain  amphibians  (and  of  all  in  their  early  stage>). 
of  fishes,  moUusks,  crustaceans,  probably  of  the  larval  forms  of  wt- 
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tain  amphibious  insects,  and  doubtless  of  many  unknown  forms. 
Aside  from  the  developments  of  the  fresh-water  fish  and  of  the  amphib- 
ians, which  have  already  been  sufficiently  emphasized,  perhaps  the 
most  suggestive  feature  was  the  association  of  the  arthropods  with 
other  forms  of  life.  Eurypterids  were  still  in  existence,  and  their 
relics  are  so  intimately  associated  with  beautifully  preserved  ferns, 
calamites,  insects,  spiders  and  scorpions  as  to  leave  no  reasonable 
doubt  that  they  were  true  fresh-water  forms.  In  the  more  notable 
localities,  as  at  Mazon  Creek,  Illinois,  and  Cannelton,  Pennsylvania, 
the  fern  fronds  were  preserved  with  al- 
most perfect  fidelity,  and  without  the 
coiling,  crumpling  and  shredding  that 
would  inevitably  have  attended  trans- 
portation for  any  notable  distance.  At 
the  famous  locality  on  Mazon  Creek,  un- 
crumpled  fronds  form  the  centers  of  thou- 
sands of  concretions  (Fig.  277),  and 
insects,  spiders,  scorpions  and  eurypterids 
form  the  centers  of  others  associated  with 
them.  All  must  have  been  fossilized 
wdth  a  minimum  of  transportation,  and 
under  the  most  quiet  conditions.  Almost 
equally  instructive  is  the  association  at 
Cannelton,  shown  in  Fig.  285,  though  the 
vegetation  is  more  fragmentary.  A  not- 
distant  relative  of  the  eurypterids  was 
present  in  the  beautiful  Prestmchia 
dance  (Fig.  284,  Z),  whose  resemblance 
to  the  trilobites  on  the  one  hand,  and  to  the  king  crabs  on  the  other 
is  rather  striking,  and  probably  implies  a  remote  ancestral  relationship. 
There  were  also  malacostracans,  resembling  cray-fish,  but  referred  to 
a  separate  order  (Fig.  284,  /),  and  other  crustaceans  of  shrimp-Uke 
appearance  (Fig.  284,  k).  Taken  together  these  show  a  very  inter- 
esting deployment  of  the  arthropods,  and  if  this  be  considered  in  con- 
nection with  the  peculiar  association  of  the  eurypterids,  ostracoderms, 
and  fishes,  of  the  Devonian  and  late  Silurian,  it  is  not  without  sug- 
gestiveness  in  connection  with  the  views  of  Patten  (p.  482)  relative 
to  the  genetic  relations  of  the  arthropods  and  vertebrates,  and  of  Cham- 


FiG.  285. — Natural  association 
of  Eurypterus  mansfieldi  with 
ferns  and  calamites.  (From 
Dana  after  Hall.) 
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berlin  relative  to  the  origin  of  the  latter  in  fresh  waters.*  It  will  per- 
haps yet  appear  that  fresh  water  was  the  environment  under  which 
some  of  the  most  radical  of  all  the  biological  evolutions  took  place. 
Another  phase  of  association  of  the  fresh-water  life  of  the  Car- 
boniferous times  is  well  preserved  in  a  cannel  coal  deposit  at  Linton, 
Ohio.2  This  coal  is  thought  to  have  been  formed  from  fine  v^etable 
debris  borne  into  a  fresh-water  lake  or  lagoon,  where  it  settled  and 
buried  the  relics  of  the  local  life,  which  consisted  of  [more  than  20 
species  of  fishes,  and  nearly  40  [species  of  aquatic  amphibians.  New- 
bury thought  that  their  individual  numbers  mounted  into  the  millions. 
Among  the  fighes  were  crossopterygians  {Ccelacanthus  and  Rhizodus), 
actinopterygians  (Eurylepis),  dipnoans  {Ctenodus)  and  the  peculiar 
pleuracanthids  (OrthacanthiLs,  Diplodtcs,  Compsacanthics).  These  last 
are  regarded  as  elasmobranchs  which  then,  as  now,  lived  in  fresh 
water,  though  mainly  marine.  The  amphibians  belonged  to  the  sub- 
orders previously  described. 

IV.  The  Marine  Life. 

Because  of  the  remarkably  close  adjustment  of  the  sea-level  to 
broad  areas  of  marshes  and  flat  lands,  two  phases  of  sea  life  had  suffi- 
cient prevalence  to  be  worthy  of  note.  The  first  consisted  of  those 
forms  that  habitually  occupied  the  thin  edges  of  the  sea  which,  in 
the  form  of  estuaries,  lagoons  and  shoals,  crept  in  and  out  on  the  border 
tract  as  the  relations  of  land  and  sea  oscillated,  while  the  second 
embraced  the  life  of  the  more  open  seas.  This  distinction  had  doubt- 
less always  existed,  but  had  not  before  reached  equial  importance, 
and  the  first  phase  was  not  usually  well  preserved,  whereas,  in  the 
coal  regions  of  this  period,  it  constitutes  the  better  part  of  the  record. 
In  this  phase,  where  sandy  and  muddy  flats  prevailed,  the  pelecypods 
and  gastropods,  with  certain  of  the  fishes,  predominated,  while  in 
the  more  open  seas  the  brachiopods,  cephalopods  and  the  clear-water 
types  more  largely  predominated. 

The  progress  of  the  fishes.  — ^It  is  difficult  to  tell  which  of  the  fishes 
should  be  regarded  as  marine,  which  as  fresh  water,  and  which  as 
common  to  salt  and  fresh  water.  It  seems  clear  that  much  the  larger 
number  of  those  found  in  the  American  Coal  Measures  lived  in  fresh 

» Jour,  of  Geol,  Vol.  VUI,  p.  400. 

» Newberry,  Mon.  XVI,  U.  S.  Geol.  Surv.,  1889,  p.  211. 
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water;  whether  also  in  salt  water  is  uncertain.  It  is  extremely  prob- 
able that  the  sharks  armed  with  shell-crushing  teeth  (the  cochliodonts 
and  psammodonts)  were  chiefly  marine,  and  that  they  continued 
to  be  abundant  through  this  period,  though  probably  less  dominant 
than  in  the  extensive  shell-bearing  seas  of  the  Mississippian,  while 
the  sharks  armed  with  cutting  teeth  were  also  largely  marine,  but 
less  dominantly  so.  There  was  further  progress  in  adaptation  to 
swift  movement  and  in  acquiring  shapeliness  of  outline. 

Changes  in  the  aspects  of  the  mollusks. — ^By  reference  to  the  pelecy- 
pods  represented  in  Fig.  286,  a,  b,  c,  d,  e,  and  /,  and  by  comparison 
with  previous  figures,  it  will  be  noted  that  this  group  had  assumed 
an  appreciably  more  modern  aspect.  They  are  scarcely  Paleozoic 
in  the  sense  of  being  very  ancient.  The  period  was  doubtless  very 
favorable  to  their  advance,  by  presenting  an  expansive  but  shifting 
and  oscillating  habitat,  that  both  invited  and  forced  mutational  plas- 
ticity. The  gastropods,  on  the  other  hand  (Fig.  286,  g,  h,  i,  j,  k),  show 
less  advance  over  the  earlier  types.  They  resemble  those  of  the  Gene- 
vieve and  even  of  the  Devonian  fauna,  though  quite  imlike  those  of 
the  Osage.  On  the  whole,  they  still  present  a  distinctly  Paleozoic 
aspect. 

Association  of  lingering  and  advanced  cephalopods. — There  was  a 
notable  juxtaposition  of  very  ancient  and  of  relatively  modern  cephalo- 
pod  types,  the  former  represented  by  very  straight,  plain,  small  ortho- 
ceratites  (Fig.  286,  r)  that  might  well  belong  to  the  earliest  Paleo- 
zoic epoch,  the  latter  by  closely  coiled  goniatites  (Fig.  286,  q)  with 
curved  sutures  that  might  well  be  an  initial  Mesozoic  type.  The 
orthoceratites  were  about  to  take  their  departure,  the  goniatites 
were  about  to  evolve  into  the  ammonites,  the  reigning  type  of  the 
Mesozoic  era. 

The  brachiopods. — As  usual  the  brachiopods  held  an  important 
place,  and  their  general  facies  was  like  that  of  the  Upper  Mississippian. 
Productus  was  the  leading  form  and  had  many  species  (Fig.  286,  t,  u, 
and  v),  while  Athyris,  Chonetes  (Fig.  286,  z),  Spiriferina  (Fig.  286,  y), 
and  other  genera  common  in  the  Mississippian  persisted  in  abundance, 
but  in  new  species.  Spirifers  also  were  again  common,  some  of  them 
exhibiting  an  advanced  state  of  bifurcation  of  the  plications,  as  in 
Spirifer  cameraias  (Fig.  286,  (W).  Some  species  of  the  brachiopods 
were  long-lived,  and  some  ranged  not  only  through  northern  America 
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Fig.  286. — ^Thb  Pennsylvanian  (Coal  Measures)  Fauna.  Pelecypoda:  a,  AUarisma 
subcuneata  M.  and  H.,  6,  Schizodus  wheeleri  Swall,  c,  Monopteria  longispina  Cox, 
d,  Myalina  recurvirostris,  M.  and  W.,  c,  Aviculopecten  occiaentcMs  Shum.,  /,  Avi- 
culopecten  carbonijerus  Stev.j  a  group  of  six  pelecypods  of  types  [more  or  less 
common  in  the  Pennsylvaman;  their  relationships  for  the  most  part  are  with 
forms  in  the  Mississippian  faunas.  Gastropoda:  g^  Bellerophon  percarinatus 
Con.,  h,  Worthenia  tabutata  (Con.),  i,  Meekospira  peraciUa  (M.  and  W.),  ;,  Xali- 
copsis  aUonensis  McCh.,  A;,  Trachydomia  wheeleri  (Swall.);  a  group  of  gastropods 
showing  a  variety  of  forms.  These  Carboniferous  members  of  the  class  agree 
with  tneir  ancestors  in  the  entire  apertures,  the  canaliculate  aperture  so  com- 
mon in  recent  marine  gastropods  being  introduced  later.  TrilobUa:  I,  PhiUi^'a 
major  Shum.,  almost  the  last  of  the  trilobites;  this  eenus  persists  into  the  Per- 
mian, and  then  becomes  extinct.  Crinoidea:  m,  Hydreionocrinus  acanthoporus 
M.  and  W.,  showing  the  extravagant  development  of  tlie  ventral  sack;  n^  Eupachy- 
crinus  magister  M.  and  G.,  with  oiserial  arms,  a  type  of  arm  structure  introduced 
late  in  the  history  of  the  Inadunaia^  but  very  early  in  the  Camerata.  This  form 
approaches  some  of  its  Mesozoic  relatives,  especially  such  Triassic  forms  as  Encrinus. 
Coral:  o,  ZaphrenHs  gihsonii  White.  Corals  are  rare  in  this  faima,  and  are  nearly 
all  of  the  horn-shaped  genera.  Protozoa:  p,  Fusulina  aecalicus  Say,  a  little 
foraminifer  that  sometimes  constitutes  nearly  the  entire  calcareous  material  of 
important  limestone  beds.  It  occurs  abimdantly  in  America,  Asia,  and  Europe. 
Cephalopoda:  q,  Paralegoceras  newsomi  Smith,  r,  Orthoceraa  cribrosum  Gein.,  s. 
Temnocheilus  forbesianus  (McCh.) ;  three  figures  representing  three  tvpes  of  ceph- 
alopods  in  the  Carboniferous,  viz.:  (1)  the  goniatites,  with  their  lobed  sutures 
which  gave  rise  to  the  Mesozoic  ammonites;  (2)  the  straight  orthoceratites  which 
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and  Eurasia,  but  into  the  far  Orient  and  Australasia.  Among  these 
wide-ranging  species  were  Husiedia  mormoni  (Fig.  286,  gg),  Rhipi- 
domeUa  pecosi,  Entdetes  hemiplicata  (Fig.  286  hh),  Productus  semi- 
reticulahis,  P.  cora,  P.  costoius  (Fig.  286,  v).  Some  of  these,  as  P. 
semireticulatus  and  P.  cora,  extended  up  into  the  Permian.  Other 
representative  brachiopods  are  illustrated  in  Fig.  286,  w,  x,  aa,  bb,  cc, 
ee,  ff,  and  n. 

A  new  phase  of  the  crinoids. — ^The  crinoids  were  a  smaller  factor 
in  the  fauna  than  might  have  been  expected  from  their  previous  and 
subsequent  history.  The  cystoids  and  blastoids  seem  to  have  dis- 
appeared previously,  and  no  starfishes  have  been  recognized,  though 
they  were  doubtless  present;  sea-urchins  were  rare.  The  camerate 
crinoids  do  not  appear,  and  the  inadunate  crinoids  took  the  leading 
place,  and  celebrated  their  accession  to  crinoidal  supremacy  by  develop- 
ing the  ventral  sac  to  imseemly  dimensions  until  it  sometimes  pro- 
truded beyond  the  arms  with  balloon-like,  or  mushroom-like,  inflation 
(Fig.  286,  m).  It  is  needless  to  say  that  these  ventral  excesses  did 
not  last  long,  and  the  moral  is  obvious.  Other  genera  developed 
in  the  opposite  direction,  and  lived  on  becomingly,  giving  rise,  as  it 
would  appear,  to  some  of  the  Mesozoic  types.  The  form  Eupachy- 
crinus  magister  (Fig.  286,  n)  is  notable  as  bearing  a  Mesozoic  aspect. 


were  nearing  the  time  of  their  extinction,  and  (3)  the  conservative,  simple  sutured 
nautiloids  which  persisted  from  the  Ordovician  to  the  present.  In  tne  Carbon- 
iferous, the  nautuoids  were  especially  characterized  by  their  nodose  ornamen- 
tation. Brachiopods:  t,  Productus  summetricus  McCh,,  u,  Productus  nehrascensis 
Owen,  V,  Productus  costatus  Sow.;  the  genus  Productus  is  one  of  the  most  com- 
mon in  the  Carboniferous  faunas,  and  these  are  three  of  the  common  species; 
w-x,  Derbyia  crassa  (M.  and  H.),  representative  of  a  genus  which  is  the  direct 
descendant  of  Orthothetes  of  the  Devonian  and  Lower  Mississippian;  it  differs 
from  that  genus  in  the  presence  of  the  median  septimi,  seen  in  u;;  y,  Spirt ferina 
kenltuikiensis  (Shimi.),  a  common  Carboniferous  species;  the  genus  Spiriferina 
differs  from  Spirifer  in  its  punctate  shell  structure,  and  its  m^ian  septimi;  it 
does  not  occur  below  the  Mississippian,  but  extends  into  the  Mesozoic;  z,  Chonetes 
granulifera  Owen.  This  genus  occurs  from  the  Silurian  to  the  close  of  the  Paleozoic, 
and  is  common  from  the  middle  Devonian  up:  it  is  characterized  by  its  concavo- 
convex  form,  and  the  spines  along  the  hinge-line;  aa^  Seminula  argentea  (Shep.), 
a  spire-bearinf^,  atheroid  shell,  one  of  the  commonest  Carboniferous  species;  a 
near  realtive  is  S.  suhqaadrata  of  the  Genevieve  fauna  (see  Fig.  237,  I) ;  66,  Die- 
lasma  horidens  (Mort.),  a  common,  loop-beuing  shell  of  the  Carboniferous;  cc, 
RhipidomeUa  pecosi  (Marc.),  almost  the  last  representative  of  the  orthid  shells 
which  were  so  a'bundant  in  the  Ordovician  (see  Fig.  163) ;  cW,  Spirifer  cameratus 
Mort.,  a  very  characteristic  member  of  this  fauna;  ee,  Pugnax  uta  (Marc.),  one  of 
the  rhynchonelloid  shells;  //,  Lingula  umbonata  Cox;  the  Lingulas  persisted  from 
the  Cambrian  to  recent  tune;  gg,  Hustedia  mormoni  (Marc),  a  small,  plicated, 
spire-bearing  shell;  hh,  Enteletes  hemiplicata  (Hall),  a  peculiar  orthid  ^nus  found 
only  in  the  Carboniferous;  ti,  MeekeUa  striatocostata  (Cox),  a  peculiar  stropho- 
menoid  sheU,  probably  an  offshoot  from  Derbyia. 
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There  was  a  close  relation  between  several  American  and  Russian 
crinoids,  implying  intermigration. 

Almost  the  last  of  the  trilobites. — ^The  trilobites  which  commanded 
our  foremost  interest  at  the  opening  of  the  Paleozoic  are  now  almost 
Sit  the  point  of  disappearance.  The  last-known  genus  is  Phillipsia 
(Fig.  286,  Z),  a  modest  and  beautiful  form  which  retains  the  symmetry 
of  the  ideal  type  and  not  a  little  of  its  elegance.  The  extravagances 
of  the  Silurian  and  Devonian  forms  had  vanished,  and  the  last  repre- 
sentative of  the  family  had  the  chaste  beauty  of  its  early  ancestry. 

Other  features. — Bryozoans  were  not  uncommon,  but  the  peculiar 
devices  for  support  illustrated  in  Archimedes  and  Lyropora  of  the  pre- 
ceding period  were  abandoned.  The  protozoans  were  represented 
widely  by  a  little  foraminiferal  shell,  FusuLina  secalicus  (Fig.  286,  p), 
which  had  about  the  size  and  form  of  a  grain  of  wheat.  Their  abun- 
dance gives  character  to  the  "Fusulina  beds"  which  occur  in  America, 
Europe,  and  Asia.  The  corals  were  rare,  as  might  be  expected,  under 
the  environmental  conditions  of  the  time. 

As  already  implied,  the  fauna  had  many  cosmopolitan  features, 
not  a  few  of  its  species  being  common  to  North  America,  Europe, 
Asia,  and  Australia,  and  its  general  facies  was  the  same  in  all  these 
regions. 


CHAPTER  XL 
THE  PERMIAN   PERIOD.* 
Formations  and  Physical  History. 

After  the  formations  of  the  Carboniferous  group  had  reached  the 
development  ah^ady  sketched,  a  general  withdrawal  of  the  sea  set 
in,  resulting  at  length  (1)  in  the  exposure  of  those  portions  of  the  cen- 
tral and  eastern  United  States  that  had  been  covered  by  it,  at  least 
occasionally,  and  (2)  in  the  restriction  of  the  submerged  area  in  the 
western  part  of  the  country,  an  area  which  had  been  somewhat  gen- 
erally and  constantly  covered  by  the  sea  during  the  preceding  period. 
With  the  beginning  of  the  Permian  period,  the  waters  which  lay  upon 
the  continent  were  partly  in  the  form  of  lakes  and  inland  seas,  and 
partly  connected  with  the  open  ocean.  Even  the  areas  which  the 
sea  overspread  at  the  beginning  of  the  period  were  largely  abandoned 
by  it  before  the  close.  As  already  noted,  the  deformative  movements 
which  finally  resulted  in  the  folding  of  the  Appalachian  and  Ouachita 
mountains  seem  to  have  been  inaugurated  at  about  the  close  of  the 
Carboniferous  period,  and  these  movements  were  doubtless  a  main 
cause  of  the  general  withdrawal  of  the  sea.  These  movements  appear 
to  have  been  more  profound  than  those  which  shifted  the  epiconti- 
nental seas  in  the  preceding  periods. 

These  movements  reflected  themselves  both  in  the  distribution 
of  the  Permian  formations  and  in  their  character.  While  fresh-water 
sedimentation  continued  much  as  before  in  some  parts  of  Penn- 
sylvania, West  Virginia,^  Maryland,^  and  Ohio,*  giving  rise  to  the 
''^ Upper  Barren  Coal  Measures" — a  name  which  suggests  the  close 
connection  of  these  formations  with  those  which  preceded — the  Appala- 
chian belt  farther  south  seems  not  to  have  been  the  scene  of  deposi- 

*  The  Permian  is  often  regarded  as  a  part  of  the  Carboniferous.  For  recent 
advocacy  of  this  view,  see  Jour,  of  GeoL,  Vol.  VII,  pp.  321-41. 

» White,  West  Virginia  Geol.  Surv.,  Vol.  II,  pp.  100-123. 

*  Martin,  Maryland  Geol.  Surv.,  Garrett  Ck)unty,  p.  144;  O'Hara,  Allegany  Ck)unty, 
p.  128,  and  Prosser,  Jour,  of  Geol.,  Vol.  IX,  p.  428. 

*  Prosser,  Jour,  of  Geol,  Vol.  XI,  p.  523. 
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tion.  The  Upper  Barren  Measures  axe  commonly  separated  from 
the  Pennsylvanian  system  on  the  basis  of  their  plant  fossils,  rather 
than  because  of  any  stratigraphic  break  at  their  base. 

The  Pennsylvania  section  of  the  Permian  is  shown  in  Fig.  287. 
Farther   north   also,   in   Nova   Scotia,   New   Brunswick,   and   Prince 


LimeBt<me. 

Sandstone. 

limeetone  and  shale. 

Limeetoneand  sandBtone. 


^  Concealed. 

IMf  Limestone,  sandstone,  and  shale. 

124V  Limestone,  sandstone,  and  shale. 

IV  Nineveh  coal-bed. 

I39K'  Limestone,  sandstone,  and  bituminous  shale. 


Dunkard  coal-bed. 

Limestone,  sandstone,  and  shale. 

Limestone  and  shale. 

Coal. 

Limestone,  sandstone,  and  iron  ore. 

Limestone  and  sandstone. 

JoUeytoum  coal. 
Limestone  and  sandstone. 

Limestone,  sandstone,  and  shale. 

Coal. 

Weuhinglon  coal-bed. 
Little  Waehinaton  coal-bed. 
Waynetbura  *^A  "  coal-bed. 

Waynesburg  "A"  coal-bed- 


FiG.  287. — Section  of  Permian  in  Pennsylvania. 
Edward  Island,  non-marine  Permian  strata  rest  on  Carboniferous  in 
such  a  way  as  to  show  that  sedimentation  was  not  greatly  interrupted, 
and  the  two  groups  are  separated  on  the  basis  of  fossils  only.  The 
Permian  of  Pennsylvania,  West  Virginia,  and  the  Acadian  region 
seems  to  represent  only  the  early  part  of  the  period,  after  which  these 
regions  appear  to  have  been  no  longer  subject  to  deposition. 

Permian  vertebrate  fossils  (not  marine)  have  been  found  in  what 
appears  to  be  the  channel  of  a  stream  eroded  in  the  Coal  Measures 
in  eastern  Illinois.^  Beds  thought  to  be  Permian  also  occur  in  neigh- 
boring parts  of  Indiana. 2 

West  of  the  Mississippi,  the  Permian  system  has  a  more  extensive 

>  Case,  Jour.  GeoL,  Vol.  VIII,  pp.  698-729. 

'  Blatchley  and  Ashley,  22d  Ann.  Rept.  Indiana  Dept.  of  Geo!.,  etc.,  p.  22,  and  23d 
Ann.  Rept.,p.  80. 
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development,  though  far  less  wide-spread  than  the  Pennsylvanian. 
The  Permian  strata  are  best  known  in  Texas,  Kansas,  and  Nebraska, 
and  though  the  sea  was  not  entirely  excluded  from  this  region,  it 
appears,  where  present,  to  have  been  shallow.  Locally  and  tempo- 
rarily, inland  seas  were  cut  off  from  the  ocean.  Early  in  the  period 
the  Texan  area  of  sedimentation  seems  to  have  been  separated  from 
the  Kansan  by  the  beginnings  of  the  Ouachita  mountains,  the  uplift 
of  which  has  been  mentioned. 

In  Kansas^  and  Nebraska ^  the  older  Permian  beds  are  marine, 
and  though  the  connection  has  not  been  traced,  the  Permian  of  these 
states  is  probably  continued  northwestward  to  Wyoming  ^  and  South 
Dakota,*  for  in  the  Laramie  moimtains  of  the  former  state,  and  in 
the  Black  Hills  of  the  latter,  marine  Permian  beds,  with  fossils  very 
similar  to  those  of  Kansas,  are  found.  The  marine  Permian  of  Kansas 
is  overlain  by  beds  containing  gj'psum  and  salt,  and  possessing  other 
features  which  show  that  the  open  sea  of  the  region  was  succeeded 
by  dissevered  remnants,  or  by  salt  lakes  whose  supply  of  fresh  water 
was  exceeded  by  surface  evaporation.  Connected  with  these  saline 
and  gypsiferous  deposits,  and  overlying  them,  are  the  ''Red  Beds," 
sometimes  referred  to  the  succeeding  Trias;  but  they  appear  to  be 
late  Permian,  in  the  main  at  least.  This  conclusion  seems  applicable 
to  a  large  part  of  the  Red  Beds  east  of  the  moimtains,  though  some 
are  probably  Triassic.  Some  of  the  Red  Beds  in  western  Texas  and 
New  Mexico  are  perhaps  later  than  Permian,  and  some  in  Indian  Ter- 
ritory and  Kansas  are  possibly  the  equivalent  of  portions  of  the  Penn- 
sylvanian system. 

The  gypsum  beds  of  Iowa  may  be  of  Permian  age,  though  there 
is  nothing  in  their  relations  to  make  this  certain.^ 

^  For  an  account  of  the  Permian  of  Kansas  see  Prosser,  Geol.  Surv.  of  Kansas, 
Vol.  II,  1897,  pp.  55-97.  This  article  also  contains  references  to  the  litera- 
ture concerning  the  Permian  of  the  western  interior.  See  also  papers  by  the  same 
author  on  "  The  Permian  and  Upp>er  Carboniferous  of  Southern  Kansas/'  Kans. 
Univ.  Quar.,  Vol.  IV,  1897,  p.  149,  and  on  "  The  Classification  of  the  Upper  Paleozoic 
Rocks  of  Central  Kansas,"  Jour.  Geol.,  Vol.  Ill,  pp.  682-705,  and  Vol.  X,  pp.  703-37; 
Cragin,  Permian  System  of  Kansas,  Colo.  College  Studies,  Vol.  VI,  pp.  1-48;  Gould, 
Jour.  Geol.,  Vol.  IX,  pp.  337-40;  and  Beede,  Am.  Geol.  Soc,  XXVIII,  p.  47;  and 
Prosser  and  Beede,  Cottonwood  Falls,  Kan.  folio,  U.  S.  Geol.  Surv. 

'  Knight,  Jour.  Geol.,  Vol.  VII,  pp.  357-74,  and  Barbour,  Nebraska  Geol.  Surv., 
Vol.  I,  p.  129. 

■  Knight,  Bull.  45,  Wyo.  Experiment  Station,  and  Jour.  Geol.,  Vol.  X,  pp.  413-22 

<  Darton,  19th  Ann.  Kept.,  U.  S.  Geol.  Sur\'.,  Pt.  IV. 

•  Wilder.  Iowa  Geol.  Surv.,  Vol.  XII,  p.  111. 
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The  Kansas  section  of  the  Permian  is  as  follows:  ^ 


Names  of  Formations. 


Thickness 
in  Feet 


Characteristics. 


Cretaceous 


^ 


§p 


» 


IP 

o 

•kit 


of 

•c 


if 


Unconformity 
Taloga  formation. 


Day  Creek  dolomite. . 
,  Red  Bluff  formation. 


Dog  Creek  formation.  . 


Cave  Creek  formation 


Glass  Mountain  forma 
tion 


Kingfisher  formation. 


'  Wellington  shales. 
Marion  formation. 


Winfield  formation. .  . 
Doyle  shales 


Fort  Riley  limestone . . 


Florence  flint 

Matfield  shales.  . . . 
Wreford  limestone. 
Pennsylvanian  system 


25-30 


1-5 
175-200 


30± 

50 

200-225 

800  ± 

200-450 
400 

20-25 
60 

40  + 

25 
60-70 
35-50 


Chiefly  maroon-colored  shales 
below,  with  massive  red  and 
grayish-white  sandstones 
above;  no  fossila 

Gray  to  white;  no  fossils. 

Light  red  sandstone  and  shale. 
In  Oklahoma  contains  ma- 
rine invertebrate  fosBils. 

Dull-red,  argillaceous  shales; 
lamina?  of  gi'psum  in  lower 
part,  and  ledges  of  dolomite 
m  the  upper;  no  fossils. 

One  massive  bed  of  gypsum,  or 
two  such  beds  separated  by 
red  clay-shale;  caverns 
abundant. 

Fine-grained,  bright-red  sand- 
stone of  vaiymg  hardneft) 
below,  with  highly  gypsifer- 
ous  clays  above;  no  foasils. 

Saliferous  and  gypsiferous, 
prevailingly  dull-red  or 
Drown  shales.  Lower  part 
in  Oklahoma  has  vertebrate 
remains. 

Mainly  bluish  gray  to  slate- 
colored;  occasional  beds  of 
dolomite  and  gypsum. 

Mainly  buff,  thin-bedded  lime- 
stones, and  shales;  locally 
contains  beds  of  g^^psum  and 
rock  salt;  lower  portion 
contains  marine  fossils. 

Cherty  limestone  and  shales; 
marine  fossils. 

Varicolored  shales;  occa- 
sional thin  beds  of  soft 
limestone;  marine  fossils. 

Massive  and  buff  to  thin- 
bedded  and  shale;  marine 
fossils. 

Cherty  limestone;  marine  fos- 
sils. 

Varicolored  shales  with  some 
limestone;  marine  fossils. 

Some  portions  very  cheity; 
marine  fossils. 


>  Prosser,  Jour,  of  GeoL,  Vol.  X,  pp.  703-737;  Cragin,  Colorado  College  Studies, 
Vol.  VI. 
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In  Texas  and  the  region  south  of  the  Ouachita  uplift,  the  sjrstem 
has  its  greatest  development.  In  the  Staked  Plains  (Llano  Estacado) 
it  attains  a  thickness  of  7000  feet.  The  oldest  formation  of  the  system 
(the  Wichita)  indicates  that  the  critical  attitude  which  characterized 
the  surface  farther  east  during  the  Pennsylvanian  period,  now  affected 
Texas,  for  the  beds  are  partly  of  marine  and  partly  of  fresh-water 
origin.  These  beds  are  succeeded  by  a  formation  of  limestone  (Clear 
Fork),  which  indicates  a  submergence  sufficient  to  allow  free  entrance 
of  the  sea.  Advance  of  the  sea  is  further  indicated  by  the  fact  that 
the  Middle  Permian  beds  overlap  the  Lower,  and  rest  upon  the  Pennsyl- 
vanian, where  no  Lower  Permian  intervenes.  The  Upper  Permian 
(Dovble  Mountain)  which  follows  indicates  a  reversal  of  relations, 
for  much  of  Texas  was  again  cut  off  from  the  ocean  and  converted 
into  an  inland  sea,  or  into  inland  seas,  in  which  the  usual  phases  of 
deposition  imder  arid  conditions  took  place.  Occasional  beds  of 
limestone  with  marine  fossils  point  to  occasional  incursions  of  the  sea, 
while  the  deposits  of  salt  and  gypsum  point  with  equal  clearness  to 
its  absence,  or  to  restricted  connections.^  In  the  Guadalupe  mountains 
of  western  Texas,  the  Permian  system  has  a  thickness  of  4000  to  5000 
feet,  and  carries  faunas  imlike  those  of  other  regions  of  North  Amer- 
ica, but  similar  to  those  of  the  late  Paleozoic  of  Asia.^ 

The  Permian  sea  which  overspread  part  of  Texas  was  perhaps 
continuous  to  the  west,  for  a  part  of  the  time,  as  far  as  the  Basin,  region 
(Utah);  but  if  so,  the  continuity  of  the  beds  has  since  been  inter- 
rupted by  erosion.  Fig.  288  shows  the  manner  in  which  the  Permian 
now  occurs  in  some  parts  of  the  plateau  region  of  the  west.  Beds 
thought  to  be  Permian  are  known  in  New  Mexico,^  in  northern  Arizona,* 
and  at  other  points  in  the  surrounding  territory,  and  in  the  Wasatch 
mountains,  but  not  farther  west.  Throughout  much  of  the  area  west 
of  the  Rocky  mountains,  the  Permian  has  not  generally  been  differen- 
tiated. If  it  is  present,  as  it  doubtless  is  in  some  places,  it  has  been 
classed  either  with  the  Carboniferous  below  or  wdth  the  Trias  above. 
There  is  often  perfect  conformity  between  the  Carboniferous  below 
and  the  beds  classed  as  Trias  above,  suggesting  the  presence  of  unsep- 

*  For  Permian  of  Texas,  see  Cummins,  Geol.  Surv.  of  Texas,  2d  Ann.  Rept.,  pp. 
394-424.     Ibid.,  4th  Ann.  Rept.,  212-32. 

»Girty,  Am.  Jour.  Sci.,  Vol.  XIV,  1902,  pp.  363-368. 

» Hemck,  Jour.  Geol.,  Vol.  VIII,  pp.  112-125;  and  Am.  Geo!.,  Vol.  XXXI,  p.  76. 

*Walcott,  Am.  Jour.  Sci.,  Vol.  XX,  1880,  p.  221. 
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arated  Permian  between.  In  northern  Arizona,  however,  and  in  south- 
western Colorado,^  and  perhaps  at  other  points,  there  is  an  uncon- 
formity at  the  base  of  the  Trias. 

If  the  beds  tentatively  referrred  to  the  Permian  be  really  such, 
they  show  that  the  relatively  continuous  and  clear  seas  of  the  Pennsj'l- 


FiG.  288. — A  butte  composed  largely  of  Permian  rock,  Northern  Arizona   (Dutton, 

U.  S.  GeoL  Surv. 

vanian  period  in  this  region  had  given  place  to  much  shallower  and 
less  continuous  bodies  of  water,  often  of  more  than  normal  salinity, 
and  that  at  many  points  there  were  interruptions  of  sedimentation 
at  the  close  of  the  Pennsylvanian. 

Red  Beds,  generally  classed  as  Triajssic,  occur  even  north  of  the 
United  States.^  Their  thickness  is  not  great,  and  they  perhaps  belong 
with  the  Red  Beds  farther  south,  most  of  which  are  now  usually  classed 
as  Permian.^ 

The  Permian  deposits  of  the  far  west,  as  well  as  some  of  those  of 

*  Cross,  unpublished  evidence. 

» Dawson,  Bull.  Geol.  Soc.  Am.,  Vol.  XII,  p.  74. 

'Some  of  the  upper  Red  Beds  of  central  Wyoming  are  thought  to  be  Triaasic 
(WiUiston)  on  the  basis  of  fossils  collected  by  Knight  and  Branson.  The  horizon 
of  the  Triassic  fossils  is  550  feet  above  the  base  of  the  Red  Beds,  and  250  feet  below 
the  top. 
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the  longitude  of  Texas  and  Kansas,  are  often  highly  colored,  red  being 
the  dominant  hue.  This  color  so  often  characterizes  formations  known 
to  have  been  made  in  inclosed  basins,  that  the  connection  can  hardly 
be  fortuitous. 

It  is  a  singular  fact,  though  it  may  be  no  more  than  a  coincidence, 
that  certain  thin  but  well-defined  layers  of  clay  in  the  Permian  beds 
of  Texas,  like  certain  layers  of  the  Permian  in  Europe,  contain  con- 
siderable quantities  of  copper  ore.  In  Europe,  however,  the  copper 
is  confined  to  a  single  layer,  while  in  Texas  it  is  distributed  through 
several.  This  correspondence  is  perhaps  worthy  of  mention,  especially 
because  copper  ores  are  not,  on  the  whole,  abimdantly  distributed, 
and  this  is  not  their  usual  mode  of  occurrence. 

Thickness. — ^In  the  Appalachian  region,  the  Lower  Permian  beds, 
sandstone  and  shale,  with  thin  seams  of  coal,  have  a  thickness  of  about 
1000  feet.  The  Upper  Permian  is  wanting.  In  Kansas  the  thickness 
is  twice  as  great,  while  in  Texas  it  reaches  7000  feet.  The  Permian 
system,  like  the  Carboniferous,  is  thicker  in  the  southern  interior  than 
in  the  Appalachian  region. 

Correlation. — In  the  region  east  of  the  Mississippi,  the  Permian 
is  so  closely  associated  with  the  Coal  Measures  that  the  two  were  for- 
merly classed  together.  Were  this  region  only  considered,  this  would 
appear  to  be  the  best  classification.  In  the  western  part  of  the  con- 
tinent, on  the  other  hand,  the  differentiation  of  the  Permian  from 
the  Carboniferous  is  more  distinct,  and  its  relation  with  the  Trias  is 
generally  close.  In  the  Texas-Kansan  region,  for  example,  the  rela- 
tions of  the  Permian  to  the  Trias,  if  the  beds  referred  to  the  Trias 
are  really  such,  are  so  close  as  to  have  caused  the  frequent  reference  of 
the  upper  part  of  the  former  to  the  latter.  Perhaps  the  Permian, 
period  is  best  looked  upon  as  a  transition  period  from  the  Carbon- 
iferous to  the  Trias,  and  so  from  the  Paleozoic  to  the  Mesozoic.  Accord- 
ing to  this  view,  its  close  relationship  to  the  underlying  system  in 
some  places,  and  to  the  overlying  system  in  others,  is  natural. 

The  Foreign  Permian. 

Europe. 

In  Europe,  as  in  America,  the  Carboniferous  period  was  brought 
to  a  close  by  very  considerable  changes,  for  much  of  "the  area  which 
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had  been  receiving  deposits  during  that  period  was  exposed  to  ero- 
sion at  its  close.  Subsequently,  through  further  changes,  much  of 
the  same  surface  was  again  brought  into  a  position  for  renewed  depo- 
sition, partly  from  fresh  and  partly  from  salt  waters.  The  Permian 
system  thus  formed  is  on  the  whole  much  more  distinct  from  the  Car- 
boniferous than  the  Permian  of  the  eastern  part  of  North  America, 
and  is  much  better  known. 

During  this  period  Europe  was  divided  into  two  somewhat  dis- 
tinct provinces,  a  division  which  began  to  show  itself  in  the  later  part 
of  the  Carboniferous  period,  when  the  Upper  Carboniferous  limestone 
was  in  process  of  deposition  in  southern  and  eastern  Europe.  Corre- 
sponding in  a  general  way  with  these  two  provinces,  the  Permian 
has  two  somewhat  different  phases  known  as  the  Dyas  and  the  Per- 
mian respectively.  The  former  name  had  its  origin  in  the  twofold 
division  of  the  system,  and  the  latter  came  from  a  pro\dnce  of  Russia 
where  the  formation  is  well  developed.  In  England,  both  phajses 
of  the  system  are  represented,  the  Dyas  in  the  east  and  the  Per- 
mian in  the  west,^  and  in  the  Baltic  province  of  Russia,  the  Dyas 
phase  is  found.  In  general,  the  Permian  system  is  somewhat  more 
wide-spread  than  the  Upper  Carboniferous  which  it  overlies,  often 
unconformably,  and  which  it  overlaps  in  various  directions. 

Except  in  Russia,  where  its  extent  is  great,  the  Permian  appeare 
at  the  surface  around  moimtain  cores  and  in  narrow  strips  only;  but 
from  the  positions  of  these  outcrops,  it  is  inferred  that  the  formation, 
is  in  reality  widespread  beneath  younger  beds. 

Lower  Permian. — ^WTiere  the  Dyas  phase  of  the  formation  is  developed 
as  generally  in  western  and  central  Europe,  the  Lower  Permian  (fto/A- 
Kegende)  consists  of  a  series  of  fragmental  beds  made  up  of  shale, 
sandstone,  conglomerate  and  breccia,  with  which  there  is  associated 
a  large  amount  of  igneous  rock,  now  in  the  form  of  lava-sheets,  now 
in  the  form  of  dikes,  and  now  in  the  form  of  volcanic  material.  The 
amount  of  igneous  matter  is  so  great  (especially  in  Scotland,  Bavaria, 
and  southern  France  2)  and  is  so  widely  distributed  (occurring  also 
in  England,  the  Vosges  and  Thiiringerwald  mountains,  the  Alps,  etc.) 
that  it  is  to  be  looked  upon  as  rather  characteristic  of  the  Low^  Per- 
mian. 

>  Geikie's  Text-book  of  Geology,  p.  1070. 
» Ibid.,  pp.  1070,  1073, 1075. 
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The  Rothliegende  is  often  unconformable  on  the  Carboniferous. 
The  character  of  the  formations  and  of  their  fossils  is  such  as  to  show 
that  much  of  the  sediment  was  accumulated  in  mland  seas,  and  in 
salt  and  fresh  lakes.  Gypsum,  salt,  and  a  meagre  fauna  of  dwarfed 
and  stunted  species,  some  of  which  are  of  certain  marine  types,^  are 
among  the  distinctive  marks  of  the  series.  To  these  inland  areas 
of  sedimentation  the  sea  sometimes  had  access,  as  the  nature  of  the 
formations  and  their  fossils  show.  It  may  have  had  limited  access, 
even  while  the  salt  and  gypsum  beds  were  being  deposited.  There 
were  lakes  of  fresh  water  also  in  which  sediments  gathered,  and  in 
these  parts  of  the  system,  fossils  of  terrestrial  as  well  as  lacustrine 
life  are  found.  Even  in  some  of  the  Permian  limestones  (as  in  France) 
fresh-water  fossils  only  are  found.  The  shallow-water  or  subaerial 
origin  of  much  of  the  Permian  is  shown  by  the  sun-cracks,  rain-pit- 
tings,  ripple-marks,  etc.  Tracks  of  terrestrial  and  amphibious  animals, 
impressed  in  the  muds  and  sands  while  they  were  accumulating,  are 
also  found. 

In  keeping  with  the  conditions  of  its  origin,  the  Rothliegende  often 
contains  beds  of  coal.  This  is  the  case  in  France,  where  one  coal- 
bed  attains  a  thickness  of  82  feet;^  in  Saxony,  in  the  Harz,  Schwarz- 
wald  and  Thiiringerwald  mountains;  and  in  Bohemia  where  the  valu- 
able coal-beds  occur  in  the  Rothliegende  more  than  in  the  Carbon- 
iferous.3  In  the  region  of  the  Ural  mountains,  too,  the  Lower  Per- 
mian beds  are  non-marine  and  coal-bearing.* 

Especial  interest  attaches  to  the  conglomerates  and  breccias  of 
the  system  because  of  their  likeness  to  glacial  drift.*  This  likeness  is 
f oimd  not  only  in  the  presence  of  large  bowlders,  but  in  their  character 
and  in  the  matrix  in  which  they  are  set.  Furthermore,  the  stones 
have  now  and  then  been  observed  (Midlands  and  west  of  England) 
to  carry  marks  which  have  been  thought  to  be  glacial  striae.  This 
origin  of  the  marks,  however,  has  been  called  into  question.    The  con- 


'  Kayser,  op.  cit.,  p.  226. 

'  Idem,  p.  253. 

» Idem,  p.  230-238. 

*  D^  Lapparent,  Traits  de  Geologic,  p.  969. 

■  RamBay,  Q.  J.  G.  S.,  1855,  p.  185;  and  Geikie,  op.  cit.,  p.  1064.  There  seems  to 
be  Bome  question  as  to  whether  these  formations  should  be  referred  to  the  Carbonifer- 
ous or  the  Permian. 
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glomerate  is  wide-spread,  and  in  some  cases  contains  bowlders  which 
have  been  transported  considerable  distances. 

The  Lower  Permian  strata  of  the  Dyas  phase  are  often  red,  as 
suggested  by  their  German  name  {Rothliegende).  Strata  of  the  same 
age  constitute  at  least  a  part  of  the  "New  Red  Sandstone  "  of  Great 
Britain.  As  a  matter  of  fact,  however,  while  the  colors  of  this  forma- 
tion are  usually  striking,  other  colors  than  red  are  often  found.  The 
fact  that  the  red  color  is  characteristic  of  the  same  system  in  much 
of  America  has  been  noted. 

In  contrast  with  the  Rothliegende,  the  Lower  Permian  of  much  of 
southern  Europe  is  of  marine  origin,  and  is  generally  conformable  on 
the  Carboniferous.  Non-marine  Permian  beds  are,  however,  found  as 
far  south  as  the  Alps,  and  even  into  Italy.  On  account  of  its  fossils 
and  its  relations  to  the  Carboniferous,  the  Lower  Permian  of  southern 
Europe  has  been  thought  to  be  older  than  the  Rothliegende.^  It  is 
widely  distributed,  occurring  in  the  Alps,  Italy,  Sicily,  the  Pyrennees 
and  in  the  Balkans. 

The  typical  Permian  phase  of  the  system  imderlies  the  larger  part 
of  Russia  (in  Europe),  and  appears  at  the  surface  over  a  large  area 
in  the  southeastern  part  of  that  country.  It  is  generally  conform- 
able on  the  underlying  Carboniferous.  Its  lower  part  is  made  up 
largely  of  clastic  beds  bearing  non-marine  fossils.  Some  beds,  how- 
ever, contain  the  shells  of  marine  species.  The  Lower  Permian  extends 
to  Nova  Zemla  on  the  north,  and  to  the  steppes  of  Kirghiz  in  Asiatic 
Russia,  on  the  east.^ 

The  Upper  Permian. — ^The  Upper  Permian  of  western  and  central 
Europe  (the  Zechstein  of  Germany)  is  unlike  the  Lower  in  several 
important  respects.  It  contains  much  more  limestone  and  dolomite, 
but  neither  coal,  igneous  rock,  nor,  except  at  its  very  base,  conglomer- 
ate. Such  characteristic  marine  fossils  as  cephalopods  and  corals 
are  generally  absent,^  and  from  the  stunted  aspect  of  the  fossils,  and 
from  the  association  of  the  dolomite  with  gypsum,  salt,  etc.,  it  is 
thought  that  the  limestone  and  dolomite  may  be  largely  chemical 
precipitates.    Some  parts  of  the  Upper  Permian  are,  however,  of  marine 

^  De  Lapparent,  Trait4  de  G4ologie,  p.  985. 
'  Kayser,  op.  cit.,  pp.  253-255. 
■  Idem,  p.  226. 
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origin.    In  southern  Germany,  Bohemia,  and    France,  the  Zechstein 
has  little  representation.^ 

The  Upper  Permian  of  western  Europe  is  remarkable  for  the  fact 
that  certain  thin  beds  of  peculiar  character  are  exceptionally  persis- 
tent over  wide  areas.  Thus  at  its  very  base,  there  is  a  thin  but  per- 
sistent bed  of  conglomerate  (perhaps  a  basal  conglomerate),  and  a 
little  higher  in  the  series  there  is  a  thin  layer,  rarely  reaching  a  thick- 
ness of  as  much  as  five  meters,  and  often  less  than  one,  which,  over 


Fio.  289. — Sketch  map  of  Europe  showing  the  areas  of  deposition  in  the  early  part 
of  the  Permian  period.  The  lines  indicate  areas  of  marine  sedimentation,  and 
the  dots  areas  of  non-marine  sedimentation.     (After  De  Lapparent.) 

very  considerable  areas,  carries  abundant  ores  of  various  metals,  among 
which  copper  is  prominent.  It  also  carries  abundant  fish  remains, 
and  is  rich  in  bitumen.  This  layer  (Kupferschiefer),  thin  as  it  is,  has 
long  been  worked  in  Germany,  now  chiefly  about  Mansfield,  especially 
for  the  copper.  The  ore  occurs  in  small  grains,  distributed  through 
the  sedimentary  bed.     The  grade  of  the  ore  is  rather  low,  but  it  is 

*  Kayser,  op.  cit.,  p.  225. 
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easily  worked.  The  origin  of  the  copper  has  been  referred  to  sub- 
marine mineral  springs,  which  have  even  been  supposed  to  have  poisoned 
the  waters  and  so  to  have  destroyed  the  organisms  in  them,  the  decay 
of  whose  remains  gave  rise  to  precipitating  agents.  More  in  the  natural 
order  of  things,  the  ore  has  been  referred  to  the  leaching  of  igneous 
and  other  rocks  by  surface-waters  tributary  to  the  basin  in  which 
the  deposit  took  place,  the  precipitation  of  the  ore  being  assigned  to 
the  organic  agencies  common  to  inhabited  waters.  Such  an  explana- 
tion gains  in  plausibility  from  the  fact  that  the  area  where  the  copper 
occurs  appears  to  have  been  a  somewhat  enclosed  basin,  rather  than 
the  open  sea.  The  ores  are  best  developed  in  the  vicinity  of  faults, 
which  indicates  that  they  are,  in  part  at  least,  of  secondary  origin. 
The  singular  fact  that  the  Permian  of  Texas,  as  well  as  that  of  Europe, 
contains  copper  ores  in  similar  relations,  has  been  referred  to. 

The  Upper  Permian  of  central  and  western  Europe  contains  the 
thickest  salt-beds  known  in  any  part  of  the  earth.  Near  Berlin,  one 
of  these  salt-beds  has  been  penetrated  to  the  depth  of  about  4000  feet, 
and  its  bottom  has  not  been  reached.  In  addition  to  common  salt, 
salts  of  potash  and  magnesium  were  locally  (Stassfurt)  deposited  in 
such  quantity  as  to  be  commercially  valuable.  The  world's  supply 
of  potassium  salts,  with  the  exception  of  saltpetre,  comes  from  these 
beds.^  Like  the  rock  salt,  these  salts  probably  represent  precipitates 
from  the  waters  of  inclosed  basins  imder  special  conditions. 

The  Upper  Permian  of  eastern  Europe  is  largely  of  non-marine 
origin,  as  shown  by  the  salt,  gypsum,  etc.,  which  it  contains.  Marine 
fossils  are,  however,  not  wanting, — are  indeed  rather  more  common 
than  in  the  Zechstein  farther  west.  Over  wide  areas,  the  beds  are 
impregnated  with  copper.  The  flora  is  of  a  type  (Glossopteris)  not 
well  developed  elsewhere  in  Europe,  but  prevalent  in  the  Permian  or 
Permo-Carboniferous  of  Africa  and  Australia.^. 

The  Permian  system  is  present  in  Spitzbergen,  where  it  is  wholly 
marine.  The  fossils  are  more  closely  allied  to  those  of  the  north  Pacific 
than  to  those  of  Russia  and  India,  as  if  there  were  a  boreal  marine 
province.^ 

General. — On  the  whole,  the  Permian  system  of  Europe  possesses 

*  Kayser,  Geologische  Format ionskunde,  p.  250. 
'Amalitzky,  Review  of  article  by,  Geol.  Mag.,  1901,  p.  231 

•  De  Lapparent,  p.  986. 
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features  which  show  that  the  general  attitude  of  the  continent  was 
comparable  to  that  of  North  America  at  the  same  time.  In  both 
continents  there  are  beds  which  accumulated  in  fresh  water;  in  both, 
beds  which  were  laid  down  in  salt  lakes  or  inland  seas;  and  in  both, 
beds  deposited  on  the  floor  of  epicontinental  seas.  Great  areas  in 
both  continents  seem  to  have  maintained  a  halting  attitude  near  the 


Fig.  290. — Sketch  map  of  Europe  during  the  later  part  of  the  Permian  period.  The 
lines  indicate  areas  of  marine  deposition,  the  broken  lines  areas  of  lagoon  deposits; 
and  the  dots,  areas  of  continental  (land)  deposition.     (After  De  Lapparent.) 

critical  level  during  much  of  the  period,  while  in  both  continents  there 
were  considerable  areas  of  dry  land. 

The  differences  between  the  continents  are  not  less  instructive  than 
the  likenesses.  The  Permian  period  was  distinguished  in  Europe  by 
great  igneous  activity,  while  that  of  America,  though  marked  by  the 
growth  of  mountains,  was  essentially  non-igneous.  The  Permian 
system  of  Europe  seems  to  be  more  closely  allied,  stratigraphicaJly, 
with  the  Trias  than  with  the  Carboniferous,  and  while  the  same  is 
true  of  the  western  part  of  North  America,  the  opposite  is  true  for 
the  eastern  part. 
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In  other  parts  of  the  world  the  Permian  is  widely  developed.  In 
countries  about  the  Indian  Ocean,  including  South  Asia,  Australia, 
and  southern  Africa,  there  is  usually  a  less  distinct  break  between 
the  Carboniferous  and  the  Triassic  systems  than  in  Europe,  and,  locally 
at  least,  the  Permian  seems  to  completely  bridge  the  interval. 

Australia. — ^In  South  Australia,  above  a  series  of  Coal  Measures 
the  plants  of  which  are  of  the  normal  Carboniferous  types,  there  is 
a  series  of  marine  beds  alternating  with  beds  which  contain  land  plants 
unlike  those  of  the  Coal  Measures  below.  Considerable  beds  of  coal 
are  also  included  in  the  series.  Interstratified  with  these  marine 
strata  and  coal  seams  there  are  considerable  beds  of  conglomerate 
of  distinctive  glacial  type  (Fig.  291).  Some  of  the  bowlders  of  the 
conglomerate  are  striated  in  such  a  way  as  to  leave  no  doubt  as  to 
their  glacier  origin.  Furthermore,  the  substratimi  on  which  the 
bowlder  beds  rest  has  been  repeatedly  observed  to  be  grooved  and 
polished,  like  roches  m(mtonn6es,  and  the  direction  in  which  the  ice 
moved  has  been  determined  in  more  than  one  locality.  Unwilling 
as  geologists  were  to  believe  that  there  was  a  glacial  period  at  tins 
early  stage  of  the  earth's  history,  the  evidence  now  in  hand  is  over- 
whelming, and  a  glacial  period  in  Australia  in  the  late  Carboniferous 
or  Permian  period  must  be  regarded  as  a  demonstrated  fact.^ 

The  number  of  well-defined  bowlder  beds  is  in  places  (Bacchus 
Marsh  District,  Victoria)  not  less  than  nine  or  ten,  and  some  of  them 
have  a  thickness  of  fully  200  feet.  The  marine  beds  with  which  they 
are  intercalated  have  an  aggregate  thickness  of  2000  feet  or  more,^ 
and  30  to  40  feet  of  coal  are  included  between  the  highest  and  low- 
est of  the  bowlder  beds.  The  recurrence  of  the  bowlder  beds  points 
to  the  repeated  recurrence  of  glacial  conditions,  and  the  great  thick- 
ness both  of  clastic  beds  and  of  the  included  coal  point  to  the  great 
duration  of  the  period  through  which  the  several  glacial  epochs  were 
distributed. 

These  remarkable  phenomena  are  not  local.  Counting  Tasmania, 
where  glacial  deposits  are  also  found,  the  Paleozoic  glaciation  of 
Australia  had  a  known  range  of  nearly  22®  in  latitude  (42°  in  Tas- 

>  W.  E.  David,  Q.  J.  G.  S.,  Vol.  LII.  1896,  p.  289-301.  "  Glacial  Action  in  Austwlia 
in  PermO'Carboniferous  Time."  Contains  also  references  to  all  the  literature  on 
the  subject. 

'Geikie  gives  3500  feet,  op.  cit.,  p.  1060. 
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~  ^-  '  Slatee  and  shales  with  glaciated  bowlders. 

Sandstone. 

Glacial  mudstones  with  striated  bowlders. 

Sandstone. 

Soft  sandstones — small  glaciated  bowlders. 
^V,~  -;  \3 1  Chiefly  sandstones — some  glaciated  bowlders. 


'  Glacial  beds  (apparently  till). 

Mudstone — some  glaciated  bowlders. 
Soft  mudstones — some  glaciated(?). 

Conglomerate  and  sandstone. — Some  glaciated  blocks. 

Hard  sandstone — abundant  glaciated  blocks. 
Sandstone. 
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.  Sandstone  and  conglomerate  with  9ome  glaciated  stones. 


12.0 
28.0 


135.0 


Fio.  201. — Section  showing  the  position  and  relations  of  the  glacial  beds  in  Austrah'a 

(David.) 
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mania  to  20®  ^ff  in  Queensland),  and  about  35®  in  longitude  (west 
from  137®  SO'),  though  it  is  not  known,  nor  perhaps  probable,  that 
all  the  area  within  these  limits  was  glaciated.  On  the  other  hand,  it 
is  not  to  be  understood  that  the  phenomena  here  described  are  restricted 
to  high  altitudes;  rather  are  they  known  chiefly  at  low  levels,  descend- 
ing in  some  places  nearly  to  the  sea.  The  altitude  of  this  region  is 
not  only  low  now,  but  it  was  probably  low  during  glaciation,  as  shown 
by  the  relation  of  the  glacial  deposits  to  the  marine  beds.  Whatever 
the  difficulties  in  the  way  of  its  explanation,  therefore,  the  fact  of  a 
long  period,  during  which  glacial  conditions  recurred  many  times 
must  be  accepted. 

The  marine  beds  associated  with  the  glacial  deposits  seem  to  match 
approximately  those  of  the  Carboniferous  period  elsewhere,  but  the 
plants  of  the  associated  coal  show  none  of  the  most  characteristic 
types  of  the  Carboniferous  beds  as  developed  in  Europe  and  America. 
Rather  do  they  present  the  general  facies  of  the  Triassic  flora.  On 
the  other  hand,  Permian  fish  remains  are  foimd  above  all  the  bowlder 
beds,  suggesting  that  the  glacial  conditions  were  over  before  the  end 
of  the  Permian,  though  in  the  same  beds  which  contain  fish  remains, 
some  have  thought  to  see  evidence  of  ice  action.  The  glacial  character 
of  these  later  beds  has,  however,  not  been  proven.  In  any  case  they 
are  yoimger  than  the  certainly  glacial  beds  below.  The  testimony 
of  the  plant  fossils  is  therefore  that  the  period  of  glaciation  was  late 
Permian  or  early  Triassic;  that  of  the  marine  fossils  that  it  was  late 
Carboniferous  or  early  Permian.  The  better  view,  probably,  is  to 
regard  the  glacial  beds  as  the  base  of  the  Permian. 

In  some  parts  of  Victoria,  the  Permian  rests  unconformably  on 
the  Lower  Carboniferous.  The  glacial  series  is  succeeded  by  coal- 
bearing  beds,  and  these  by  the  Triassic  system.  The  upper  part  of 
the  system  is  coal-bearing  also  in  New  South  Wales.  The  thickn^s 
of  the  Permian  in  this  region  is  some  13,000  feet.^ 

India. — Overlying  crystalline  schists  of  great  age,  there  is  in  the 
central  part  of  the  peninsula  of  India  a  system  of  rocks  known  as  the 
Gondwdna  system.  This  system  is  made  up  of  several  divisions, 
the  lowest  of  which  (the  Talchir)  is  formed  in  considerable  part  of 
glacial  conglomerate,  the  bowlders  of  which  are  sometimes  as  much 

>  Kayser  Geologische  Fonnationskunde,  p.  265. 
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as  four  meters  in  diameter.  Locally,  the  glacial  series  (the  glacial 
beds  and  the  formations  interstratified  with  them)  has  a  thickness 
of  about  2000  feet.^  The  few  plant  fossils  associated  with  this  con- 
glomerate are  like  those  associated  with  the  coal-seams  of  the  glacial 
series  in  Australia.  The  age  of  these  conglomerates  is  further  indi- 
cated by  the  fact  that  they  are  overlain  by  the  Fusulina  limestone 
(late  Carboniferous  or  Permian)  comparable  to  that  of  Europe.  Coal- 
beds,  regarded  as  Middle  Permian  (the  important  coal-beds  of  India), 
also  occiu-  above  the  Talchir  conglomerates  in  the  Gondwdna  system, 
thus  seeming  to  make  them  either  late  Carboniferous  or  early  Permian. 

The  character  of  the  Talchir  conglomerates,  especially  when  studied 
in  connection  with  the  bed  on  which  they  lie,  may  fairly  be  regarded 
as  demonstrating  their  glacial  origin;  for  not  only  are  the  bowlders 
glacially  striated,  but  the  surface  beneath  the  conglomerate,  like  the 
bed  of  the  similar  deposits  in  Australia,  is  also  polished  and  striated.* . 

The  glacial  Paleozoic  formations  in  India  are  in  some  respects  even 
more  remarkable  than  those  of  Australia,  for  they  reach  below  the 
latitude  of  18°,  and  are,  therefore,  several  degrees  within  the  Tropic 
of  Cancer;  not  only  this,  but  they  occur  at  low  levels,  descending 
in  places  nearly  to  the  level  of  the  sea. 

Conglomerates  which  appear  to  be  of  glacial  origin  are  not  limited 
to  the  Talchir  formation  of  the  peninsula.  Similar  formations,  believed 
to  be  of  the  same  age,  appear  in  the  Salt  Range  of  India  (Lat.  32°), 
in  the  central  Himalayas,  in  Cashmere,  and  Afghanistan. 

In  the  Salt  Range,  a  marine  Permian  formation  overlies  the  glacial 
series.  Marine  Permian  is  also  known  in  northern  Persia,  Armenia, 
the  central  Himalayas,  Tibet,  central  India,  Timor,  Yunnan,  Nanking, 
and  elsewhere. 

South  Africa.^ — ^In  South  Africa  there  is  a  series  of  beds  foimd 
in  various  parts  of  Cape  Ciolony,  Natal,  Zululand,  the  Orange  River 
State,  and  the  Transvaal,  which  possess  the  same  general  characteristics 
as  those  of  Australia  and  India.  Here  there  are  conglomerate  beds 
(the    Dwyka  formation)  some  of  which  are  glacial,  and  some  of  which 

*  Kayser,  op.  cit.,  p.  262. 

'  Oldham,  Geology  of  India,  2d  ed.,  1893. 

■  For  an  excellent  account  of  the  Paleozoic  glacial  phenomena  of  these  several 
regions,  see  C.  D.  White,  Carboniferous  Glaciation  in  the  Southern  and  Eastern  Hemi- 
spheres, Am.  Geol.,  1889,  Vol.  XIII,  pp.  299-332.  For  a  later  account  of  the  glacial 
beds,  see  footnote,  p.  036.     See  also  Geol.  Cape  Colony.  Rogers,  1905,  pp.  147-179. 
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were  probably  deposited  in  water,  in  which  bergs  were  floating.^  These 
conglomerates  are  associated  with  strata  (the  Ecca  shales)  which  are 
referred  to  the  Permian  system.  Many  of  the  bowlders  of  these  con- 
glomerates are  striated,  and  at  the  same  time  the  bed  on  which  the 
glacial  conglomerate  rests  shows  indisputable  marks  of  ice  action 
in  many  places  (Figs.  292  and  292a).  The  glacial  beds  are  believed 
to  have  extended  as  far  north  as  26°  4ff  in  the  Transvaal.  The  glacial 
and  associated  beds  have  great  thickness  (1200  feet)  in  Cape  Colony. 


Fig.  292. — Glaciated  quartzite  beneath  the  glacial  conglomerate  of  South  Africa. 
Near  Prieska.     The  rock  surface  shows  glacim  striae.     (Schwarz.) 

Above  the  Ecca  shales,  which  are  thought  to  be  glacio-flu\Tal  or 
glacio-lacustrine,2  is  the  coal-bearing  Beaufort  series  with  Glossopteris 
flora  and  abundant  reptilian  remains.^ 

The  known  Permo-Carboniferous  glaciation  of  Australia,  India, 
and  Africa  is  found  in  two  zones,  the  one  north  and  the  other  south 
of  the  equator.    In  neither  zone  have  the  limits  of  glaciation  been 

»  Scottish  Geog.  Mag.,  Vol.  XVII,  1901,  p.  57;  and  Trana.  Phil.  Soc.  of  S. 
Africa,  Vol.  XI,  1900,  p.  113. 

2  Molengraafif,  Bull,  de  la  Soc.  Geol.  de  France,  1901,  p.  79. 
»  Broom,  Geol.  of  Cape  Colony,  pp.  228-244, 


THE  PERMIAN  PERIOD. 


637 


accurately  determined,  but  in  the  former  it  is  known  to  have  extended 
from  latitude  18°  to  about  35°,  and  probably  still  farther  north,  while 
in  the  latter  it  is  known  to  have  extended  from  latitude  21°  to  35°. 
In  an  equatorial  zone  about  40°  in  width,  glaciation  has  not  been  dis- 
covered. The  glaciation  of  these  various  countries  has  a  range  of 
about  130°  in  longitude.  Glacial  conditions  must,  therefore,  have 
prevailed  over  an  area,  or  at  least  about  the  borders  of  an  area  many 
times  as  large  as  that  covered  by  ice  in  the  northern  hemisphere  during 
the  Pleistocene  glacial  period. 

The  marked  likeness  of  the  floras  associated  with  the  glacial  deposits 


Fig.  292a. — North  slopes  of  roches  moutonn^es.     Near  Prieska,  South  Africa, 
rock  surface  shows  glacial  strise.     (Schwarz.) 


The 


throughout  these  three  continents  is  beUeved  to  be  evidence  that  there 
was  land  connection  between  them  at  the  time  of  the  glaciation.  The 
horizons  to  which  the  Carboniferous  types  of  plants  are  restricted, 
especially  in  Australia,  have  been  thought  to  represent  a  lesser  interval 
of  time  than  that  occupied  in  the  deposition  of  the  Carboniferous  beds 
of  Europe  and  America.  Partly  on  this  groimd,  the  plant-bearing 
beds  associated  with  the  glacial  deposits  in  Australia,  and  containing 
the  Glossopteris  flora,  have  been  beUeved  to  represent  the  later  part 
of  the  Carboniferous  period;  and  if  so,  they  indicate  that  the  plant- 
life  of  this  region  advanced  more  rapidly  than  that  of  Europe  and 
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America,  for  the  Glossopteris  flora  is  allied  to  the  Triassic  flora  of  other 
regions.  Since  in  all  these  regions  the  Glossopteris  flora  antedated 
or  attended  the  glacial  beds,  it  has  been  thought  to  be  the  flora  of 
a  cooler  climate,  and  that  this  climate  was  the  beginning  of  the  change 
which  culminated  in  glaciation.  As  abeady  indicated,  the  Carboniferous 
and  Permian  are  not  sharply  differentiated  in  these  countries.  On 
the  whole,  the  general  relations  seem  to  suggest  that  the  beds  con- 
taining the  Glossopteris  flora  and  the  glacial  beds  were  contempora- 


Fio.  293. — Section  of  glacial  conglomerate  near  Prieska.    The  conglomerate  is  over- 
lain by  Triassic  shale.     (Schwarz.) 


neous  with  the  early  Permian  of  other  regions,  rather  than  with  the  Car- 
boniferous proper.  If  this  be  true,  the  culmination  of  the  later  Paleo- 
zoic glaciation  was  in  the  early  Permian.  In  the  later  part  of  this 
period  there  seems  to  have  been  an  advance  of  the  sea  on  the  land, 
both  in  Europe  and  Asia  (Salt  Range  of  India). 

South  America.— Rocks  like  those  of  the  countries  about  the  Indian 
ocean  are  also  known  in  Argentina  and  the  southern  part  of  Braril. 
In  the  latter  situation,  conglomerates  of  glacial  aspect  have  long  been 
known.    Their  glacial  character  has  now  (1906)  been  proved  by  I.  C. 


THE  PERMIAN  PERIOD, 


639 


White.i    Coal-bearing   beds   with   the   Glossopteris    flora   lie    uncon- 
formably  on  older  formations,  and  conformably  below  the  Trias.2 

Close  of  the  Paleozoic  Era.^ 

The  close  of  the  Paleozoic  era  was  marked  by  much  more  con- 
siderable geographic  changes  than  the  close  of  any  period  since  the 
Algonkian.  These  changes  may  be  said  to  have  been  in  progress 
dming  the  Permian  period  rather  than  to  have  occurred  at  its  close. 


Fio.  294. — Section  of  glacial  conglomerate  (cemented  till)  near  Prieska,  South  Africa. 

(Schwarz.) 

The  changes  in  the  relations  of  land  and  water,  and  the  deformation 
of  strata  mentioned  in  connection  with  the  close  of  the  Carboniferous 
period'  (p.  584),  probably  continued  during  the  Permian. 

It  will  be  remembered  that  there  was  a  considerable  withdrawal 
of  the  sea  from  North  America  at  the  close  of  the  Ordovician,  con- 
verting large  areas  which  had  been  submerged  during  the  Cambrian 

«  Geo!.  Soc.  Am.,  Dec.  '06. 

'  Kayser,  Geologiache  Formationskvmde,  p.  265.     This  author  states,  pp.  227  and 
265,  that  glacial  beds  occur  in  South  America. 
»  Smith,  J.  P.,  Jour.  GeoL,  VoL  IX,  pp.  512-2L 
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and  Ordovician  periods  into  land;  but  as  the  Silurian  period  pro- 
gressed, the  sea  gradually  crept  back  over  much  of  the  area  from  which 
it  had  temporarily  withdrawn.  Of  the  larger  part  of  this  area  the 
sea  retained  possession  through  the  later  part  of  the  Silurian  and 
the  Devonian  periods,  and  during  the  Mississippian  it  was  greatly 
extended. 

In  the  Coal  Measures  period  great  areas  were  converted  into  marshes, 
and  still  later  in  the  period,  or  at  its  close,  a  wide-spread  withdrawal 
of  the  sea  made  most  of  the  area  of  the  United  States  east  of  the  96th 
meridian,  land.  The  geographic  changes  may  be  best  appreciated  by 
comparing  the  maps  on  pages  497  and  545.  The  movements  which 
resulted  in  these  changes  were  probably  slow,  and  for  most  of  the 
area  not  notably  deformative. 

The  great  geographic  changes  which  had  been  accomplished,  or 
far  advanced,  by  the  close  of  the  Paleozoic,  were  (1)  the  development 
of  the  Appalachian  mountain  system  at  the  western  border  of  Appa- 
lachia;  (2)  the  deformation  of  the  surface  of  Appalachia;  (3)  the 
development  of  the  Ouachita  mountains;  (4)  the  final  conversion 
of  the  larger  part  of  the  area  between  the  Great  Plains  and  Appalachia 
from  an  area  of  deposition  to  an  area  of  erosion;  and  (5)  the  restriction 
at  the  west  of  the  area  of  sedimentation  in  the  western  interior. 

Such  extensive  geographic  changes,  involving  the  conversion  of 
such  great  areas  from  sea  bottom  into  land,  must  have  caused  pro- 
foimd  changes  in  the  circulation  of  water,  in  climate,  and  in  the  dis- 
tribution of  terrestrial  and  marine  life. 


The  Life  op  the  Permian. 

The  life  of  the  Permian  can  carry  its  full  meaning  and  receive  its 
full  interpretation  only  when  put  into  association  with  the  extraor- 
dinary physical  conditions  which  formed  its  environment.  These  were 
the  most  remarkable  in  the  post-Cambrian  history  of  the  earth. 
Between  them  and  the  life  there  must  have  been  reactions  and  adapta- 
tions of  the  utmost  significance,  if  we  could  surely  read  them.  At  no 
period,  save  our  own,  were  the  phenomena  so  pronounced,  and  hence, 
with  little  doubt,  so  rich  in  possible  instruction  as  to  the  adaptation 
of  life  to  extreme  conditions.    Their  teachings  have  been  less  eagerly 


THE  PERMIAN  PERIOD.  641 

sought  and  less  freely  received  than  they  merit,  because  of  preva- 
lent preconceptions  as  to  what  must  have  been  the  state  of  the  atmos- 
phere and  the  type  of  life,  arising  from  a  single  unquestioned  hy- 
pothesis of  the  early  state  of  the  earth  and  its  necessary  sequences. 
If  alternative  views  on  this  fundamental  subject  are  entertained, 
the  psychological  conditions  will  be  more  felicitous  for  following  to 
their  legitimate  conclusions  the  extraordinary  facts  of  this  critical 
period. 

Because  the  physical  conditions  were  so  pronounced  in  the  salient 
features  of  glaciation  and  aridity,  certain  questions  relative  to  the 
life  at  once  arise:  (1)  Was  it  possessed  of  such  powers  of  adaptation 
that  it  met  its  extraordinary  environment  by  acconmiodating  itself 
to  it;  or  (2)  was  it  destroyed  co-extensively  with  the  changes  in  envi- 
ronment; or  (3)  did  it  elude  the  adverse  conditions  by  shifting  from 
one  area  to  another  as  the  adverse  conditions  shifted  (hypothetically); 
or  (4)  did  its  composite  experience  embrace  all  these,  and  if  so,  what 
measure  of  each? 

The  impoverishment  of  life. — There  is  no  question  but  that  there 
was  a  great  reduction  in  the  amount  of  life.  In  the  earlier  days  of 
geology,  it  was  commonly  held  that  a  complete  destruction  of  all  living 
things  on  the  face  of  the  earth  attended  this  closing  period  of  the  Paleo- 
zoic era,  and  that  a  re-creation  followed;  for  in  the  state  of  knowledge 
of  that  time,  no  Paleozoic  form  was  known  to  occiu*  in  the  following 
era.  Had  it  then  been  known  that  glaciation  pressed  upon  the  bor- 
ders of  the  tropics  on  either  side,  in  the  far  Orient,  and  that  intense 
aridity  dominated  large  areas  elsewhere,  it  would  have  added  great 
strength  to  the  conviction  of  a  universal  catastrophe  to  Ufe.  With 
the  progress  of  investigation,  however,  no  small  reUef  from  the  adverse 
data  has  been  found  in  the  discovery  that  some  forms  bridged  the 
interval,  and  in  the  additional  grounds  for  beUef  that  many  others 
imderwent  modifications  which  enabled  them  to  pass  it  as  new  types, 
and  in  the  accumulating  evidences  that  the  succession  of  life  was 
unbroken,  though  greatly  modified.  Progressive  investigation  is  still 
bringing  forth  more  and  more  evidence  of  this  kind,  and  reducing 
the  disastrous  implications  of  the  record.  Not  only  this,  but  wide  study 
brings  into  view  the  compensating  effects  of  the  strenuous  conditions 
in  calling  into  play  the  latent  powers  of  adaptation  and  of  resistance 
of  the  organisms,  and  in  producing  new  forms  of  life.    Notwithstand- 
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ing  all  this,  it  yet  appears  that  the  life  of  the  period  was  greatly  impov- 
erished. A  census  made  a  few  years  ago  gave  the  known  animal  species 
of  the  Carboniferous  period  as  10,000,  while  those  of  the  Permian  period 
were  only  300,  or  three  per  cent.  A  census  to-day  would  probably 
improve  the  Permian  ratio  notably,  but  the  contrast  would  still  be 
great. 

/.  The  Plant  Life. 

Change  in  the  flora. — The  change  of  the  vegetation  from  the  Car- 
boniferous to  the  Permian  in  America  was  rather  marked,  but  not, 
at  the  outset,  radical.  There  was  a  progressive  evolution  as  the  period 
advanced.  Fontaine  and  White  ^  have  shown  that  in  West  \lr- 
ginia  and  Pennsylvania  the  lowest  beds  referred  to  the  Permian,  witli 
a  record  of  107  species,  contain  22  species  foimd  also  in  the  Coal  Meas- 
ures below,  and  28  found  in  the  Permian  of  Europe.  Of  the  22  species 
found  in  the  Coal  Measures,  16  are  conmion  to  the  Permian  of  Europe, 
so  that  only  6  species  which  may  be  regarded  as  distinctive  of  the 
Coal  Measures  rise  into  the  base  of  the  Permian,  and,  with  one  excep- 
tion, all  the  Coal  Measures'  species  had  disappeared  before  the  second 
fossiliferous  horizon  of  the  Permian  series  is  reached.  This  implies 
that  a  rather  profound  change  was  in  progress,  but  that  it  was  not 
altogether  abrupt.  In  some  portions  of  Europe  the  change  seems 
to  have  been  somewhat  more  gradual,  and  in  others,  where  uncon- 
formity occurs,  somewhat  more  abrupt.  In  Nova  Scotia  and  Texas 
the  transition  seems  to  have  been  gradual,  rather  than  abrupt.  Respect- 
ing the  change  in  the  southern  hemisphere,  opinion  must  be  held  in 
some  reserve  until  final  correlations  are  established;  but  if  the  glacial 
bowlder  beds  be  taken  as  marking  the  base  of  the  Permian,  a  transi- 
tion seems  to  have  been  in  progress  somewhat  earlier,  and  to  have 
become  profound  as  the  natural  result  of  the  glacial  invasions,  which 
were  followed  by  a  new  flora. 

Only  a  small  part  of  the  total  floral  change  of  the  Permian  appears 
in  the  American  record,  as  now  known;  but  the  nature  of  the  early 
change  is  distinctly  indicated.  The  Lepidodendron  disappeared  and 
the  Sigillaria  became  very  rare.  The  CcUamites  were  greatly  reduccnl 
in  importance,  and  Equisetites,  their  successors  in  line,  appeared,  while 

>  Second  Geol.  Surv.  Penn.,  Pennian  Flora,  1880. 


THE  PERMIAN  PERIOD. 


643 


the  Schizoneura  branch  of  the  family  also  was  represented.  Spheno- 
phyllum  held  on  into  the  period  chiefly  by  new  species.  While  some 
of  the  more  persistent  genera  of  C!oal  Measure  ferns  or  Cycadofilices 
were  represented  by  new  species,  the  majority  disappeared,  and  new 
genera  took  their  places,  CallipteriSj  Tceniopteris  and  Cymoglossa  being 
especially  significant  of  the  new  order  of  things.    Of  the  older  genera, 


r  t  « 

Fig.  295. — Permian  Flora  op  America:  a,  Pecopteris  tenuinervis  Fontaine  and 
White;  6,  Callipteris  conferta  Bgt.;  c,  sterile  frond  of  Tceniopteris  newberriana 
Fontaine  and  Wnite;  d,  T.  newberriana,  basal  part  of  a  fructified  frond;  c,  Cymo- 
glossa obtusifolia  Fontaine  and  White;  /,  Saportea  aalisburioides  Fontaine  and 
White;   g,  6aiera  virginiana  Fontaine  and  White. 


Pecopteris  was  especially  prolific  in  species,  and  Sphenopteris  and  Goniop- 
teris  were  well  represented.  Just  how  many  of  these  frond-genera 
were  true  ferns  and  how  many  Cycadofilices  remains  to  be  determined, 
but  we  are  warranted  in  noting  the  singular  fact  that  the  fern-stock 
survived  changes  with  more  success  than  most  of  its  contemporaries. 
The  Cordaites  continued,  and  initial  forms  of  the  ginkgos  appeared  in 
Saportea  and  Baiera  and  gave  a  Mesozoic  forecast  to  the  flora. 

In  Europe,  most  of  the  above  forms  appeared  rather  sparsely  at 
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the  opening  of  the  period,  and  gradually  increased  in  prevalence,  while 
the  residual  Carboniferous  species  decUned.    The  general  aspect  of 


Fig.  296. — A  verticel  of  leaves  of  Glossopteris.    x  2.    (After  Etheridge.) 

the  flora  remained,  however,  that  of  poverty.  Two  new  types  of 
much  interest  came  in  and  became  characteristic,  Walchia  and  VoUzia. 
Walchia  (Fig.  297)  resembled  an  Araucarian  conifer  in  its  foliage, 
but  its  seed  organs  were  apparently  different.    While  conifers   ha^'e 


Fig.  297. — Walchia  pinifonnis,  a  Permian  conifer  of  Europe. 

been  reported  from  earlier  systems  on  the  doubtful  basis  of  woody 
tissue,  Walchia  may  probably  be  safely  regarded  as  representing  them. 
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It  had  small  bract-like  leaves  closely  and  thickly  attached  to  the 
limbs,  giving  it  a  scrawny  appearance.  Voltzia  (Fig.  298,  h)  is  inter- 
esting as  a  supposed  forerunner  of  the  group  {Cryptomeria)  to  which 
the  giant  sequoia  and   the   bald   cypress   belong.    The   abbreviated 


Fig.  298 — Representativb  types  op  the  Glossopteris  Flora:  a,  Gloasopteris 
communis,  Fstm. ;  6,  G.  angustijolia^  Btt. ;  c,  GangamopUris  cydopteroides,  Fstm. ; 
d,  Noeggeralhiopsis  hislop,  Bunb.;    e,  Neuropteris  valxda,  Fstm.;    /,  Schizoneura 

*     gondwanensiSf  Fstm.;  g,  Phyllotheca  indica,  Bunb.;   A,  VoUzia  heterophyUa,  Bgt. 


leaves   and  pauperitic  aspect  of   both   Walchia  and   VoUzia  will  be 
noted. 

The  Glossopteris  flora. — The  most  remarkable  vegetal  event  of 
the  period  was  the  evolution  of  the  Glossopteris  (tongue-fern)  flora 
in  the  southern  hemisphere,  and  its  migration  into  the  northern.  The 
representative  members  of  this  flora  were  the  ferns  Glossopteris,  Gan- 
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gamopteris,  NoeggercUhiopsis,  and  Neuropteris,  the  equisetales  Phyl- 
lotheca  and  Schizoneura,  and  the  conifer  VoUzia  (Fig.  298,  Or-h),  the 
first  two  being  eminently  characteristic.  The  peculiar  expression 
of  the  group  will  at  once  be  recognized,  especially  the  simplicity  of 
the  outlines  of  the  fern  leaves,  and  their  contrast  to  the  usual  dissected 
forms,  as  also  the  pauperate  aspect  of  the  VoUzia.  These  give  support 
to  the  view  that  this  flora  was  evolved  to  meet  the  adversities  of  cli- 
mate which  prevailed  in  and  about  the  glaciated  regions.  While  the 
fossils  of  this  flora  do  not  actually  appear  in  the  glacial  beds  them- 
selves, they  are  found  in  tne  interglacial  deposits,  and  in  those  that 
lie  immediately  above  the  upper  glacial  beds.  Developed  thus  amid 
adverse  surroimdings,  if  not  directly  under  adverse  conditions,  the 
flora  not  only  took  on  a  resistant  aspect  in  simple  outlines  and  com- 
pact forms,  but  soon  gave  evidence  of  its  vitality  by  spreading  north- 
ward into  east  Africa  and  Asia,  and  then  Em-ope.^  It  reached  northern 
Russia  in  the  latter  part  of  the  Permian  period  (Amalitzky),  where 
it  was  associated  with  CaUipteris  and  other  forms  typical  of  the  Euro- 
pean Permian  flora.  It  is  also  found  in  Brazil  and  Argentina.  Its 
vitality  is  further  shown  in  that  its  descendents  became  a  dominant 
feature  m  the  Mesozoic  floras  that  followed. 

//.  The  Land  Animals. 

The  Amphibians. — Relatively,  the  amphibians  reached  their  most 
declared  supremacy  in  the  latter  portion  of  the  Carboniferous  period, 
and  they  may  have  been  then  actually  at  their  numerical  climax,  for 
the  conditions  were  apparently  extremely  favorable  for  them.  They 
continued,  however,  to  be  a  prominent  feature  in  the  early  portion 
of  the  Permian  at  least,  but  they  probably  declined  in  the  later  portion 
imder  the  less  favorable  physical  conditions  then  prevalent,  supple- 
mented by  the  attacks  of  the  predaceous  reptiles  that  had  entered 
the  arena.  At  any  rate  they  were  overshadowed  in  historical  sig- 
nificance by  the  rise  of  the  reptiles,  without  doubt  their  descendents. 
The  Permian  amphibians  were  of  much  the  same  types  as  before, 
with  some  advances  in  organization,  and  some  reptilian  tendencies. 

The  appearance  of  the  primitive  reptiles. — While  the  reptiles  prob- 

»  Amalitzky,  Schrift  d.  Warechauer  natur.  Ges.,  1895-1900. 
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ably  began  to  diflferentiate  from  their  ancestral  amphibians  earlier 
than  the  Permian,  the  first  demonstrable  reUcs  as  yet  found  are  from 
the  lower  strata  of  this  period.  Before  its  close,  there  had  appeared 
a  large  and  complex  group  of  primitive  reptilian  forms  very  curiously 
related  to  one  another,  implying  that  they  were  yet  in  the  early  stages 
of  their  differentiation,  and  hence  still  retained  various  common  inheri- 
tances from  their  ancestry,  and  implying  also,  probably,  that  they 
were  affected  by  parallel  evolution.  There  were,  at  the  same  time, 
signs  of  profound  divergence.  Two  great  branches  seem  already  to 
have  been  defined  in  part;  perhaps  indeed  they  had  never  formed 
a  common  group,  as  reptiles,  but  had  parted  company  while  yet  they 
were  amphibians.  The  one  (essentially  the  Diapsida  of  Osborn)  ^ 
bore  resemblance  to  the  microsaurians  and  may  have  descended  from 
them  or  from  allied  forms.  In  the  earliest  phases  represented,  they 
had  already  attained  a  decidedly  reptilian  structure  of  the  rhyncho- 
cephalian  type.  They  seem  to  have  been  the  forerunners  of  the  great 
hosts  of  lizards,  crocodiles,  dinosaurs,  ichthyosaurs  and  flying  saurians 
that  constitute  the  most  declaredly  reptilian  line;  not  that  these  were 
all  necessarily  descended  from  the  Permian  rhjmchocephalians,  but 
they  form  a  great  group  marked  by  certain  analogous  features, 
implying  either  kinship  in  genesis,  or  kinship  in  evolution. 

The  other  group  (Synapsida)  bore  skeletal    resemblances  to    the 
highest  labyrinthodonts,  on  the  one  side,  and  to  the  lowest  mammals 


Fig.  299. — Palceohatteria  Umgicaudaia^  a  primitive  diapsidan  of  the  order  Protorosauria, 
about  i  natural  size.     (Restoration  by  J.  H.  McGregor.) 

that  appeared  later  {Memoir ernes),  on  the  other,  and  hence  may  be 
regarded  as  constituting  the  mammalian  strain  of  the  ancestral  rep- 
tiles. In  their  earliest  known  phases  they  were  rather  anomalous, 
and  later  they  deployed  into  a  remarkably  complex  order   (thero- 

» Science,  Vol.  XVII,  No.  434,  1903,  pp.  275-276. 
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morphs  or  anomodonts)  whose  relationships  and  significances  j'et 
await  resolution,  for  the  greater  part.  Under  the  theromorph  lineage 
are  perhaps  to  be  placed  the  turtles  and  plesiosaurs  that  appeared 
later.  '  The  more  generaUzed  or  stegocephalian-like  forms  of  the  latter 
group  have  been  given  an  ordinal  rank  as  the  Pareiasauria  or  Cotylo- 
sauria  by  some  authors,  who  regard  them  as  ancestral  not  only  to 
the  Theromorpha,  but  to  the  rhjoichocephalian  type  of  reptiles  as 
well,  thus  giving  expression  to  the  view  that  the  differentiation  had 


Fia.  300. — ^A  fin-back  lizard  of  the  Permian  of  Texas  {Dimetrodon).     The  skeietona 
found  vary  from  three  to  ten  feet  in  length.     (Restored  by  Case.) 


occurred  after  the  attainment  of  the  reptilian  form.  Other  group- 
ings are  made  by  other  authors,  implying  that  a  final  opinion  is  not 
yet  universally  reached. 

The  more  distinctively  reptilian  group  (Diapsida). — The  PalcBohaileria 
of  the  Lower  Permian  of  Saxony,  a  small,  long-tailed,  lizard-like  reptile, 
is  recognized  at  present  as  the  pioneer  of  this  branch  (Fig.  299).    It 
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was  typically  rhjmchocephalian,  and  is  notable  in  that  its  line  of  descent 
is  perpetuated  to  this  day  in  the 
Sphenodon  or  HaMeria  of  New  Zea- 
land. With  kindred  genera  it  con- 
stitutes the  suborder  Proterosauria. 
Representatives  have  been  found  in 
England,  Scotland,  France,  and  Bo- 
hemia. They  are  not  known  in  North 
America.  An  alUed  suborder  (Pely- 
cosauria)  is  predominantly  American, 
and  was  represented  by  several  genera 
(Clepsydrops,  Embolophoncs,  Dirnetro^ 
doUj  NaosauruSf  etc.)  in  Texas,  Il- 
linois,^ and  Kansas.  There  were 
also  representatives  in  Europe.  The 
skeletal  features  of  one  of  the  more 
typical  genera,  as  worked  out  by 
Case,  are  shown  in  Fig.  300.  A 
third  suborder  (Proganosauria)  which 
some  paleontologists  believe  to  be 
rh}Ticocephalian  in  character,  though 
by  others  referred  to  the  Saurop- 
terygia,  had  two  genera  {Stereoster^ 
num  and  Mesosauncs)  of  small, 
elongate,  subaquatic  reptiles  (Fig. 
301),  from  Brazil  and  South  Africa. 

The  mammalian  strain  of  the  rep- 
tilian group  (Synapsida).  —  At  pres- 
ent the  Pareiasaurus  (Fig.  302)  stands  as  the  pioneer  of  this  branch, 
and  presents  the  nearest  approach  to  the  labyrinthodonts.  The  group 
seems  to  have  diverged  with  great  rapidity,  for  it  developed  markedly 
varied  and  strange  forms  by  the  close  of  the  period.  These  diverse  forms 
are  grouped  under  the  ordinal  term  Anomodontia  by  some  authors, 
and  by  others  imder  TheromoTphxi,  in  which  case  Anomodontia  is  restricted 
to  a  suborder  (  =  Dicynodontia)  under  Theromorpha.    The  latter  term 


Fig.  301. — Stereostemum  tumidum, 
from  Brazil,  about  J  natural  sizet 
(Restoration  by  McGregor.) 


*  The  locality  in  Illinois  appears  to  be  simply  an  old  river-bed  eroded  in  the  sur- 
face of  the  Coal  Measures,  and  subsequently  filled  with  alluvium,  imbedding  the 
reptilian  remains. 
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refers  to  the  mammalian  features,  the  former  to  the  peculiar  denti- 
tion. The  theromorphs  deployed  into  four  suborders,  and  became 
the  dominant  group  among  the  earliest  reptiles  in  each  quarter  of 
the  globe  where  they  have  been  discovered.^  The  most  primitive 
of  the  suborders  was  ihe  Pareiasauria  or  Cotylosauria,  by  many  paleon- 
tologists now  considered  of  ordinal  rank,  whose  type  family  included 
the  pioneer  genus  above  illustrated.  This  family  was  abundantly 
represented  in  South  Africa  and  in  several  parts  of  Europe,  notably 


Fig.  302. — Pareiasaurus   serridens,  of  Cape  Colony,  S.   Africa,   Karoo    formation; 

X  about  ^.     (After  Broom.) 

northern  Russia,  where  Amalitzky  has  recently  foimd  many  skeletons.* 
This  family  is  not  known  in  America,  but  two  other  pareiasaurian 
families  are  represented  by  several  genera  {Otoccelus,  Pariotichus, 
Isodectes,  PantyliLS,  Hypoprums,  Empedids,  Diadectes,  Chilonyx,  Bel- 
hoden).  This  distribution  is  very  notable,  considering  the  early  stage 
of  evolution  of  the  reptiles. 

The  reptiles  grouped  under  the  suborder  Theriodontiu  possess 
pecuUar  interest  because  of  the  manmialian  aspect  of  their  skulls,  of  their 
dentition,  and  of  many  features  of  their  skeletons  (Fig.  303).  They 
were  especially  abundant  in  South  Africa  (ICaroo  beds  ^),  but  they 
have  been  found  also  in  Bohemia,  and  notably  in  Russia  (Amalitzky). 

*  A.  S.  Woodward,  Vert.  Pal.,  p.  144. 

^Compt.  Rend.,  March,  1901. 

'  It  is  well  to  bear  in  mind  that  the  Karoo  beds,  so  wonderfully  rich  in  significant 
vertebrate  remains,  are  regarded  as  Permian  in  part  and  Triassic  in  part,  and  that 
a  portion  of  their  theromorphs  belong  to  the  latter.  See  also  Broom,  Geol.  of  Cape 
Colony,  1905,  pp.  228-249. 
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The  anomodonts,  in  the  restricted  sense  (  =  dicynodonts),  were 
highly  specialized  forms  notable  for  their  toothless  jaws,  or  else  jaws 
with  single  tusk-like  teeth.  The  rest  of  the  jaw  was  protected  by  a 
homy  covering  such  as  turtles  have.  Some  features  of  their  skulls 
also  were  curiously  chelonian  in  aspect,  and  there  may  have  been  a 
genetic  relation  between  the  anomodonts  and  the  turtles;  but  the  evi- 
dence at  present  does  not  go  beyond  resemblances.  The  dicyno- 
donts  were  probably  herbivorous.  The  Karoo  formation  of  South 
Africa  has  yielded  them  in  greatest  abundance,  and  they  have  also 
been  foimd  in  India,  Russia,  and  Scotland. 

It  is  not  certainly  known  that  the  fourth  suborder  of  theromorphs, 
the  Placodantia,  were  represented  in  the  Permian,  though  their  pres- 


Fio.  303. — ^\^ew  of  the  right  side  of  the  skull  of  the  theriodont  Cynognathus  craierO' 
notuSf  from  the  Karoo  formation,  South  Africa,  showing  the  striking  resemblance       ^ 
of  the  teeth  and  skull  to  a  mammalian  carnivore. 


ence  is  probable.  They  were  remarkable  for  their  singularly  modified 
dentition  which  has  no  parallel  among  reptiles.  The  teeth  in  front 
were  conical,  but  the  jaws  elsewhere,  and  the  palate,  bore  large  molar- 
like grinding  teeth.  They  are  thought  to  have  been  aUied  to  the 
ancestral  turtles.  These  anomalous  departures  in  dentition  may 
have  had  some  relation  to  the  peculiar  developments  of  the  vegeta- 
tion under  the  stress  of  the  late  Permian  and  early  Triassic  cUmatic 
conditions. 

This  rapid  and  diverse  deployment  of  the  early  reptiles  in  a  period 
of  general  life  impoverishment  is  not  a  Uttle  remarkable,  but  as  it  was 
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an  evolution  of  air-breathers,  the  key  to  it  may  lie  in  a  more  oxygenated 
atmosphere,  a  point  to  which  we  shall  return. 

The  scant  record  of  other  land  forms. — The  Permian  record  of 
the  arthropods  and  of  the  terrestrial  moUusks  is  very  poor,  and  prob- 
ably represents  an  impoverished  state  of  these  classes,  but  local  excep- 
tions will  doubtless  yet  be  discovered. 

///.   The  Fresh-water  Life, 

The  amphibians  and  some  of  the  reptiles  constituted,  in  a  sense, 
a  portion  of  the  fresh-water  as  well  as  the  land  life.  Besides  these, 
fishes  were  abundant,  locally  at  least.  The  beautiful  little  Pcdeaniscus 
(Fig.  304)  seems  to  have  had  its  climax  here,  and  ahnost  disappeared 


FiQ.  304. — ^A  Permian  fish,  Paleoniscus  macropomus,  from  Thuringia.     (Restoration 
by  Traquair  nearly  one-half  natural  size.) 

at  the  close  of  the  period.  Fishes  of  similar  structure,  but  with  deep, 
flat  bodies,  belonging  to  the  Plcdysomus  family,  Fig.  305,  were  abundant. 
The  modern  aspect  of  these  fishes  will  be  noted.  With  these  were 
some  genera  that  had  been  prevalent  before.  Their  associations  show 
that  they  lived  in  fresh  waters,  but  they  may  also  have  lived  in  the 
sea. 

There  were  fresh-water  moUusks,  some  of  which  resembled  imios. 
The  arthropod  element  was  not  well  represented,  though,  so  far  as 
known,  it  shows  but  little  change  from  the  Carboniferous. 

IV.  The  Marine  Fauna. 

The  withdrawal  of  the  epicontinental  seas  from  considerable  por- 
tions of  the  continents  necessarily  reduced  the  territory  available 
for  shallow-water  life,  and  introduced  a  restrictional  evolution.  There 
was  therefore  at  this  time  a  coincidence  between  impoverishment  on 
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land,  and  restriction  in  sea,  when  normally  the  relations  are  reciprocal. 
In  North  America,  the  restricted  marine  area  lay  in  the  tracts  just 
previously  occupied  by  the  expanded  Carboniferous  seas,  and  inherited 
its  fauna  from  them.  At  first  nearly  all  the  species  were  the  same 
as  those  of  the  preceding  period,  and  hence  a  grave  difficulty  has  alwasra 
been  experienced  in  drawing  a  dividing  line  between  them.  Prosser, 
who  has  carefully  studied  the  Permian  of  the  great  plains,  has  recently 
listed  the  known  species,  and  found  only  about  seventy.  This  sug- 
gests a  decadent  fauna.    Of  these,  about  one  half  are  pelecypods. 


Fio.  305. — A  Permian  fish,  Platysomus  gxbhostis,  restoration  by  Traquair,  about  one- 
fourth  natural  size.     Germany  and  England.     (Woodward.) 

which  is  doubtless  a  response  to  the  increasing  turbidity  that  attended 
the  shallowing  of  the  sea.  Representative  forms  are  shown  in 
Fig.  306,  g-]\  Gastropods  (Fig.  306,  A;),  brachiopods,  and  cephalo- 
pods  (Fig.  306,  a-f)  make  up  the  larger  part  of  the  rest.  Generally, 
the  productids  were  the  most  characteristic  forms,  and  the  long-Uved, 
cosmopolitan  Productus  semireticulatus  frequented  the  seas  in  all 
quarters  of  the  globe.  It  was  the  last  flourishing  stage  of  the  pro- 
ductids, as  well  as  of  the  orthids,  the  spirifers,  and  the  athyrids,  though 
the  last  two  eked  out  a  hngering  existence  till  the  Jurassic  period. 
The  advent  of  the  ammonites. — The  increasing  complexity  of  the 
sutures  of  the  coiled  cephalopods  has  been  noted  in  previous  periods. 
In  the  goniatites  of  the   Middle  Devonian,  the  sutures  had  become 
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complexly  lobed.  A  transition  from  the  simply  lobed  goniatites  to 
forms  with  more  complicated  sutures  had  taken  place  as  far  back  as 
the  Kinderhook  epoch  (see  Fig.  235,  j).     In  the  latter  part  of   the 


c  -e  -        d 

Fig.  306. — ^Thb  Marine  Permian  Fauna:  Cephalopoda:  a,  Medlxcottia  copei  White; 
b  and  c,  Waagenoceras  cumminsi  White;  d  and  e,  Popanoceras  walcoUi  White; 
three  forms  of  ammonoids  with  more  complicated  sutures  than  were  present  in 
earlier  forms;  /,  Orthoceras  rushensis  McCh.,  one  of  the  last  of  the  orthoceratit€«. 
Pelecimoda:  g,  Pseudomonotis  havmi  (M.  &  W.);  A,  Myalina  permiana  j^wall.);  i, 
Avictuopecten  occidenialis  (Shum.) ;  j,  Sedgvnckia  topekaensia  (Shum.).  OaHropcida: 
Murchisonia  sp. 

Permian  period,  forms  with  still  more  intricate  sutures  (Fig.  306,  c  and 
e),  approaching  those  of  the  characteristic  ammonites  of  the  Mesozoic, 
became  conspicuous.    The  genera  Medlicottia  (Fig.  306,  a),  Waageno- 
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ceras  (Pig.  306,  b  and  c),  and  Popanoceras  (Fig.  306,  d  and  e)  were  repre- 
sentative types,  occurring  in  America,  Europe,  and  Asia.  The  older 
types  of  coiled  cephalopods,  the  goniatites  and  nautiloids,  mingled 
with  these  newcomers.  Interestingly  enough,  there  was  also  present 
the  ancient  straight  form  Orthoceras  (Fig.  306,  /),  now  reduced  to  primi- 
tive simplicity  and  diminutive  size,  lingering  along  in  the  last  stages 
of  its  prolonged  career,  to  finally  disappear  in  the  Trias.  The  con- 
trast (compare  Fig.  306,  /,  with  a,  b,  and  d)  between  the  disappear- 
ing straight  type,  in  its  depauperate  form,  and  the  robust,  youthful 
anmionites,  about  to  become  a  ruling  dynasty  in  its  stead,  is  most 
marked.  It  was  in  this,  as  in  not  a  few  other  cases,  a  Permian  function 
to  welcome  the  coming  and  speed  the  parting  guest. 

The  retreatal  tracts  of  the  marine  life. — As  in  previous  transition 
epochs  when  epicontinental  waters  were  largely  withdrawn,  the  marine 
.faunas  foimd  special  refuge  in  certain  embayments  or  border  tracts 
which,  in  connection  with  the  coastal  belts,  permitted  them  to  re-form 
themselves,  re-generate  their  species,  and  prepare  for  a  succeeding 
invasion  of  the  continental  areas.  On  the  American  continent,  the 
St.  Idwrence  embayment  had  done  repeated  duty  in  this  line,  but 
there  is  no  specific  evidence  that  it  participated  notably  in  the  Permo- 
Triassic  transition.  The  border  of  the  Gulf  of  Mexico,  the  Mediter- 
ranean tract,  notably  in  the  region  of  Sicily  and  southeast  Europe,  and 
the  Ganges-Indus  tract  of  southern  Asia,  seem  to  have  been  special 
areas  of  refuge  and  regeneration.  There  are  signs  of  another  in  northern 
Asia,  and  suggestions  of  still  another  in  an  unknown  region  from  which 
the  Triassic  invasion  of  the  Tropitidce  came.  In  these  and  doubtless 
other  tracts,  and  on  the  continental  borders  generally,  the  shallow- 
water  marine  faunas  passed  from  the  Paleozoic  to  the  Mesozoic  phases. 
The  restriction,  compared  with  the  expansional  stage  of  the  Missis- 
sippian  period,  was  extremely  severe,  but  the  faunas  emerged  with 
new  species  born  in  adversity,  ready  for  conquest  when  the  re-advancing 
seas  should  give  them  an  expanding  realm. 

The  Problems  op  the  Permian. 

Between  a  marvelous  deployment  of  glaciation,  a  strangely  dispersed  deposi- 
tion of  salt  and  gypsum,  an  extraordinary  development  of  red  beds,  a  decided 
change  in  terrestrial  vegetation,  a  great  depiction  of  marine  life,  a  remarkable 
shifting  of  geographic  outlines,  and  a  pronounced  stage  of  crustal  folding,  the 
events  of  the  Permian  period  constitute  a  climacteric  combination.     Each  of 
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these  phenomena  brings  its  own  unsolved  questions,  while  their  combination 
presents  a  plexus  of  problems  of  unparalleled  difficulty.  More  than  any  other 
period  since  the  Proterozoic,  the  Permian  is  the  period  of  problems.  With  little 
doubt  these  marked  phenomena  were  related  to  one  another,  and  their  eluci- 
dation is  quite  sure  to  be  found  in  a  common  group  of  cooperative  agencies. 
While  it  is  too  much  to  hope  for  a  full  elucidation  at  once,  there  is  no  occasion 
to  blink  the  facts  or  evade  the  issues  they  raise. 

Lest,  however,  we  push  our  emphasis  of  these  phenomena  too  far,  let  it  be 
noted  that  none  of  the  factors  in  this  combination  were  wholly  new  to  geological 
history.  There  had  been  glaciations  almost  as  strange  in  early  Cambrian  or 
pre-Cambrian  times  (Norway,  China,  South  Africa) ;  there  had  been  signs  of  aridity 
in  the  salt  and  gypsum  deposits  of  Silurian  and  other  early  times;  there  had 
been  prevalent  red  beds  in  the  Old  Red  sandstone  and  in  the  Keweenawan; 
there  had  been  marked  restrictions  of  life  at  the  dose  of  the  Ordovician  and 
at  other  stages;  there  had  been  extensive  geographic  changes  in  earlier  Paleozoic 
periods;  and  there  had  been  foldings  of  surpassing  intensity  in  Archean  and 
Proterozoic  times.  The  peculiarity  of  the  Permian  combination  was  its  unusual 
complexity,  the  extraordinary  intensity  of  the  glaciation,  and  the  aridity. 

The  chronological  setting  of  the  combination  lends  some  advantages  to  its 
study.  It  lies  in  the  midst  of  geologic  history,  with  periods  of  great  uniformity 
and  remarkable  polar  geniaUty  both  before  and  after  it.  No  appeal  can  be 
taken  to  a  supposed  final  refrigeration  of  the  earth,  or  to  any  declining  stage 
or  senile  condition.  It  was  an  episode  in  the  midst  of  a  long  history,  with 
every  probability  that  it  was  not  without  predecessor  and  successor,  though 
these  may  not  have  been  so  marked. 

A  portion  of  the  phenomena  were  direct  expressions  of  deformation,  others 
were  seemingly  close  sequences  of  deformation,  while  still  others  may  be  only 
the  more  remote  sequences  of  deformation  in  the  form  of  changes  of  atmospheric 
and  hydrospheric  constitution.  If  the  solution  of  these  problems  lies  wholly 
in  terrestrial  causes,  it  seems  at  present  most  likely  to  be  found  in  the  immediate 
and  ulterior  consequences  of  deformation,  as  realized  in  physiographic  changies, 
and  in  the  constitution  and  working  conditions  of  the  hydrosphere  and  atmos- 
phere. Without  assuming  that  this  is  necessarily  so,  this  line  of  inquiry,  yet 
in  its  infancy,  may  be  outlined. 

/.  The  Deformation. 
The  deformation  at  the  close  of  the  Paleozoic  appears  to  have  been  tjrpical 
in  that  it  involved  an  increase  in  the  capacity  of  the  oceanic  basins  and  the  with- 
drawal into  them  of  most  of  the  previous  epicontinental  waters,  while  at  the 
same  time  the  continents  were  rendered  slightly  more  protuberant  by  being 
mildly  arched  or  warped  throughout  the  larger  part  of  their  areas,  and,  in  cer- 
tain limited  tracts,  accidented  by  sharp  folding  of  the  external  shell.  So  far  as 
present  evidences  go,  the  more  pronounced  arching  and  folding  was  felt  chiefly 
on  the  borders  of  the  continents  adjacent  to  the  north  Atlantic,  but  this  apparent 
limitation  may  be  due  to  the  imperfection  of  existing  knowledge.     Such  limita- 
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tion  is  not,  however,  out  of  harmony  with  what  is  known  of  other  great  defor- 
inative  movements,  for  in  these,  as  a  rule,  the  more  intense  foldings  seem  to 
have  been  concentrated  along  restricted  tracts. 

Some  of  the  dynamic  conceptions  involved  in  such  a  general  deformation 
have  been  previously  discussed  (Chapter  IX,  Vol.  I,  and  Chapter  II,  Vol.  II). 
In  special  application  here,  it  may  be  noted  that  during  the  Subcarboniferous 
and  Carboniferous  periods,  in  eastern  America  at  least,  a  stage  of  approximate 
base-level  seems  to  have  been  developed  over  some  considerable  portion  of  the 
territory,  as  shown  by  the  configuration  of  the  surface  upon  which  the  deposits 
of  these  periods  encroached,  and  there  is  reason  to  believe  that  this  condition 
was  a  rather  general  one.  So  far  as  can  be  judged  from  available  evidence, 
this  conception  may  be  extended  to  all  of  the  continents;  indeed,  this  concep- 
tion is  almost  necessarily  involved  in  the  wide  transgression  of  the  seas  of  these 
periods.  This  conception  involves  almost  necessarily,  as  its  essential  prerequi- 
site, the  further  conception  of  a  protracted  period  of  relative  quiescence,  for 
in  such  a  period  only  could  base-leveling  be  accomplished.  It  is  presumed 
that  during  this  period  of  quiescence,  the  energies  that  were  to  actuate  the  sub- 
sequent deformation  were  accumulating  stresses  preparatory  to  actual  move- 
ment, for,  in  so  far  as  loss  of  heat  was  one  of  the  agencies,  such  loss  must  have 
been  in  progress;  in  so  far  as  the  internal  transfer  of  heat  was  concerned,  it  also 
should  have  been  in  progress,  and  in  so  far  as  molecular  changes  were  involved, 
they  may  be  supposed  also  to  have  been  going  forward,  or  to  have  been  acquir- 
ing the  conditions  prerequisite  for  action.  It  is,  therefore,  conceived  that  dur- 
ing the  quiescent  stage,  stresses  were  progressively  accumulating  in  the  body 
of  the  earth,  but  that  they  only  reached  an  intensity  superior  to  the  earth's  resist- 
ance after  a  protracted  period.  When  at  length  they  surpassed  all  resistances, 
deformation  went  slowly  forward  imtil  the  stresses  were,  in  the  main,  relieved, 
and  the  earth  was  thus  prepared  to  relapse  into  another  stage  of  relative  quies- 
cence. Considerations  that  have  been  previously  presented  make  it  appear 
probable  that  a  large  portion  of  the  body  of  the  earth  was  involved  in  the  defor- 
mative  movement,  for,  among  other  reasons,  the  portion  of  the  crust  which 
was  folded  had  very  feeble  powers  of  resistance  and  cannot  reasonably  be  sup- 
posed to  have,  of  itself,  accumulated  stresses  of  the  magnitude  implied  by  the 
actual  deformation.  The  phenomena  seem  to  point  to  a  high  state  of  rigidity 
in  the  great  body  of  the  earth,  and  to  the  accumulation  of  very  widely  distributed 
stresses  which  were  feeble  at  every  point,  and  which  only  acquired  effective 
strength  by  their  ultimate  union  in  a  conmion  movement. 

The  essence  of  the  movement  may  be  assumed,  with  much  confidence,  to 
have  been  a  shrinkage  of  the  earth,  preferably  a  general  and  deep-seated  shrink- 
age, rather  than  a  purely  superficial  one.  The  shrinkage  in  the  sectors  beneath 
the  ocean  basins  is  presumed  to  have  been  slightly  greater  than  that  in  the  con- 
tinental sectors,  because  of  the  superior  specific  gravity  the  sub-oceanic  sectors 
are  assumed  to  have  acquired  from  their  ancestral  history,  and  because  of  their 
loading  by  the  ocean,  and  by  the  sediments  brought  down  from  the  land  during 
the  previous  periods.    At  the  same  time,  the  removal  of  the  sedimentary  mate- 
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rial  from  the  land  lightened  the  continental  sectors  and  tended  to  disturb  the 
balance  between  them  and  the  oceanic  sectors.  The  superior  shrinkage  of  the 
oceanic  sectors  thus  caused  was  probably  attended  by  some  crowding  upon  the 
weaker  continental  sectors  between  them,  which  appears  to  sufficiently  account 
for  the  slightly  increased  protuberance  of  the  continental  platforms,  together 
with  the  gentle  warpings  which  they  manifest,  while  the  increase  in  the  basin 
capacity  resulting  from  the  subsidence  of  the  ocean  bottoms  accounts  for  the 
withdrawal  of  the  epicontinental  waters.  The  outer  shell  of  the  crust,  being 
rigid  and  not  under  a  load  equal  to  its  rigidity,  appears  to  have  accommodated 
itself  to  the  shrinking  interior  by  lateral  shear  and  folding  concentrated  into 
tracts,  instead  of  by  a  more  distributive  crumpling,  or  cru^iing.  In  this  lateral 
thrust  and  folding  is  found  the  explanation  of  the  post-Carboniferous  moimtains  of 
eastern  North  America  and  western  Europe,  and  such  similar  foldings  as  may 
perhaps  have  taken  place  in  other  regions  at  this  time. 

//.  The  Immediate  Sequences  of  the  Deformation, 

Interference  with  circulation. — It  is  obvious  that  the  withdrawal  of  the  exten- 
sive sheets  of  water  which  had  submerged  the  continents  to  the  extent  of  per- 
haps 20,000,000  or  30,000,000  square  miles,  resulted  in  a  serious  restriction  of 
the  oceanic  circulation,  and  correspondingly  reduced  the  effects  which  such  a 
general  circulation  had  upon  the  climate  of  the  times.  These  effects  were  prob- 
ably profound.  The  surface  temperature  of  the  oceanic  waters  of  the  Mis- 
sissippian  and  Carboniferous  periods  may,  without  any  pretension  to  accu- 
racy, be  assumed  to  have  been  25*^  C,  or  some  such  figure,  as  against  the  present 
15°  C.  The  submerged  remnants  of  the  continental  platforms,  while  they  ma^^t 
have  interfered  somewhat  with  the  general  oceanic  circulation,  probably  did 
not  so  far  interrupt  it  as  to  prevent  the  polar  regions  being  warmed  by  a  most 
effective  water-heating  system.  No  small  factor  in  this,  perhaps,  was  the  deep 
circulation  of  the  ocean,  a  matter  of  vital  moment  in  all  climatic  studies. 

In  the  discussion  of  the  Pleistocene  glaciation  the  possibility  of  the  re\'ersal 
of  the  deep-sea  circulation  by  means  of  a  change  in  the  relative  influence  of  the 
concentration  of  salinity  by  evaporation  in  the  low  latitudes  on  the  one  hand,  and 
of  increased  density  due  to  the  low  temperature  in  the  high  latitudes  on  the 
other,  is  entertained  and  its  bearings  discussed. 

The  deep  oceanic  circulation  is  now  dominated  by  the  polar  temperatures, 
for  it  is  the  cold  waters  of  the  polar  regions  that,  descending  and  flowing  toward 
the  equator,  control  the  temperature  of  the  deep  sea.  This  is  now  low  because 
of  the  low  temperature  of  the  polar  regions;  but  if  the  circulation  of  the  Sub- 
carboniferous,  and  Carboniferous  periods,  whatever  its  nature,  kept  the  polar 
regions  at  a  mild  temperature,  the  great  body  of  the  deep  sea  must  have  had 
temperatures  correspondingly  higher,  and  the  water  must  have  had  so  much  the 
less  depressing  influence  on  the  temperature  when  it  rose  to  the  surface.  Thia 
must  have  contributed  to  the  widespread  warmth  which  the  Subcarboniferous, 
and  perhaps  the  Carboniferous,  period  enjoyed.     The  mildness  of  the   polar 
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climates  in  these  and  several  other  periods,  before  and  since,  is  one  of  the 
most  remarkable  climatic  features  of  geologic  history.  The  crucial  feature  is 
the  maintenance  of  a  mild  temperature  throughout  the  long  polar  night. 
Almost  the  only  approach  to  a  satisfactory  solution  seems  to  lie  in  a  warm 
oceanic  circulation,  blanketed  by  a  heat-retaining  atmosphere,  in  which  vapor 
of  water  and  carbon  dioxide,  abetted  by  a  prevalent  mantle  of  clouds  gen- 
erated by  the  warm  ocean,  conjomed  their  equalizing  and  conservative  in- 
fluences. 

The  transition  from  the  Subcarboniferous  to  the  Permian  involved  a  change 
from  an  effective  circulation  of  warm  water  to  an  interrupted  circulation  which 
limited  the  previous  equalizing  and  conservative  influences.  This  was  one 
step  toward  a  lowering  of  the  polar  temperatures,  which  perhaps  ultimately 
reached  the  amount  of  20°  C.  or  more,  and  toward  a  lowering  of  the  tempera- 
ture of  the  great  body  of  the  ocean  through  the  deep-sea  circulation  initiated 
and  controlled  by  the  polar  temperatures.  This  was  a  step  in  the  differentiation 
of  regional  temperatures,  and  this,  as  we  shall  proceed  to  note,  was  abetted  by 
several  other  agencies  arising  from  the  same  fundamental  source,  deformation. 

Topographic  sequences. — As  already  indicated,  the  deformation  resulted 
directly  in  a  pronounced  change  in  the  topography  of  the  continents,  in  that 
it  gave  marked  relief  to  the  portions  that  were  sharply  folded,  and  a  less  declared 
but  appreciable  reHef  to  the  portions  that  were  bowed  upwards  more  gently. 
Both  resulted  in  an  increase  of  the  general  gradients  of  the  surface,  and  hence 
in  a  rejuvenation  of  the  streams.  The  increased  area  of  the  land  obviously 
increased  the  number  and  the  length  of  the  trunk  streams,  and  added  to  the 
volume  of  water  that  flowed  through  them,  qualified,  to  be  sure,  by  the  aridity 
that  followed.  An  inevitable  result  of  these  changes  was  a  more  rapid  removal 
of  the  residual  earth  that  had  doubtless  accumulated  during  the  previous  low- 
l3ring  stages,  and,  following  this  removal,  a  dissection  of  the  underl)dng  for- 
mations and  a  lowering  of  the  ground-water.  An  inevitable  attendant  of  these 
sequences  was  an  increased  contact  of  the  atmosphere  with  unleached  rocks,, 
combining  at  once  the  effects  of  the  increased  land  area,  the  removal  of  the 
residual  mantle,  the  dissection  of  the  surface,  and  the  lowering  of  the  ground- 
water.   The  increase  was  probably  several  fold. 

A  complementary  result  of  the  increase  of  the  land  was  obviously  a  reduc- 
tion of  the  oceanic  area  and,  particularly,  a  retluction  of  the  shallow-water  por- 
tion which  had  been  the  chief  habitat  of  the  limestone-forming  life.  From  an 
area  of  perhaps  20,000,000  or  30,000,000  square  miles  in  the  early  Carboniferous,, 
the  epicontinental  seas  were  probably  reduced  to  10,000,000  or  15,000,000  square 
miles  in  the  Permian,  perhaps  even  to  5,000,000  square  miles  at  the  extreme 
stage  of  the  Permian  emergence.  So  great  a  reduction  seriously  curtailed  the 
deposition  of  epicontinental  organic  beds,  and  markedly  increased  the  deposi- 
tion of  clastic  beds,  and  this  was  attended  by  other  consequences  now  to  be  noted. 
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Ill,  The  More  Remote  Sequences  of  the  Deformation. 

Effects  on  the  constitution  of  the  atmosphere  and  hydrosphere. — It  seems  clear 
that  if  the  contact  of  the  atmosphere  with  rocks  upon  which  it  acts  chemic- 
ally were  mcreased  several  fold,  it  would  be  robbed  of  its  active  coastituents 
at  a  markedly  increased  rate.  Chief  among  these  active  constituents  is  car- 
bon dioxide,  which  unites  with  the  silicates  to  form  carbonates,  and  with  the 
simple  carbonates  to  form  bicarbonates.  The  bicarbonate  of  lime  in  particular 
is  thus  formed,  and,  as  the  bicarbonate  is  much  more  soluble  than  the  mono- 
carbonate,  its  formation  is  the  usual  means  of  solution  of  hmestone,  and  of  iis 
removal  to  the  sea.  Oxidation  is  next  in  order  of  activity.  Starting  with  acceler- 
ated oxidation  and  carbonation,  a  series  of  comphcated  actions  followed  which 
are  thought  to  have  resulted  in  loss  to  the  atmosphere  and  gain  to  the  ocean. 
The  present  state  of  science  does  not  permit  these  to  be  traced  out  with  full  con- 
fidence, but  a  sketch  of  some  of  the  probable  actions  will  serve  to  indicate  the 
nature  of  the  problem  involved,  and  give  some  hint  of  its  intricacy. 

With  little  doubt  it  would  be  a  serious  error  to  start  wdth  the  assumption 
that  the  atmosphere  and  ocean,  when  the  deformation  took  place,  had  their 
present  constitution.  It  is  necessary,  therefore,  to  consider  at  the  outset  what 
may  have  been  the  nature  of  the  atmosphere  and  hydrosphere  before  the  Per- 
mian deformation  began  to  work  changes  in  them.  This  leads  us  incidentally 
to  consider  certain  radical  questions  that  relate  not  only  to  these  particular 
periods,  but  to  similar  periods  when  the  land  was  low  and  hmited,  and  great 
limestone  deposition,  and  sometimes  coal  formation,  took  place.  The  two  cases, 
great  limestone  deposition  correlated  with  extended  seas  and  low  and  limited 
lands,  and  great  coal  deposition,  are  not  identical,  though  sometimes  measurably 
combined.  The  Subcarboniferous  period  will  be  taken  as  the  basis  for  coii- 
flidering  the  former,  and  the  Carboniferous  the  latter. 

The  atmosphere  and  hydrosphere  in  the  Mississippian  and  Carboniferous  periods. 
— The  facts  that  there  was  glaciation  in  low  latitudes  in  the  early  Cambrian 
or  pre-Cambrian,  that  there  was  pronounced  aridity  in  the  Silurian  in  regions 
where  precipitation  is  now  ample,  that  there  had  been  active  atrial  Ufe  for 
aome  time  previous,  and  that  'the  respiratory  organs  of  both  plants  and  ani- 
mals were  strikingly  similar  in  nature  and  proportions  to  those  of  recent  times, 
combine  to  restrain  us  from  assimiing  that  the  atmosphere,  in  any  of  the  Paleo- 
zoic periods,  was  radically  different  from  what  it  is  now;  but  still  certain  moder- 
ate variations  are  not  only  compatible  with  these  fa(-ts,  and  all  other  known 
phenomena,  but  seem  to  be  required  by  the  phenomena  whose  interpretation 
is  here  sought,  as  well  as  by  theoretical  considerations.  The  tracing  out  of 
these  variations  is  apparently  essential  to  the  solution  of  the  problems  of  these 
and  similar  periods. 

The  part  played  by  the  limestone  formation. — During  the  Subcarboniferous 
period,  a  large  deposit  of  limestone  took  place,  the  carbon  dioxide  of  a  part  of 
which  was  undoubtedly  derived  from  the  atmosphere.  While  no  accurate  esti- 
mate of  the  amount  of  this  limestone  is  now  possible,  it  is  certain  that  the  total 
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carbon  dioxide  in  it  is  very  many  times  greater  than  the  carbon  dioxide  of  the 
present  atmosphere,  and  probably  several  times  as  great  as  the  carbon  dioxide 
of  the  atmosphere  and  the  ocean  combined.  The  calcium  monocarbonate  of 
the  present  ocean,  by  estimate,  would  make  a  stratum  of  limestone  about  i  foot 
thick  over  the  earth's  surface,  or  about  4  feet  over  one  half  the  present  land 
area.  The  "  loose  "  carbon  dioxide  united  with  this  calcium  monocarbonate 
to  form  bicarbonate,  together  with  all  the  free  carbon  dioxide  in  the  ocean,  might, 
by  liberal  estimate ,  add  85%  to  this,  if  united  with  calcium  to  form  limestone .  The 
Subcarboniferous  limestone  mounts  up  in  places  to  2500  feet  and  more  in  thick- 
ness, and  has  a  wide  distribution  on  the  land,  and  an  unknown  distribution  beneath 
the  sea.  Without  doubt  we  are  accustomed  to  overestimate  the  mass  of  such 
formations,  because  we  dwell  upon  their  maximum,  rather  than  their  average 
or  minimum  thicknesses,  and  upon  their  known  distribution  in  terms  of  our 
observational  standards,  rather  than  their  proportions  to  the  great  unknown 
area  of  the  globe ;  but  yet  from  the  data  at  hand,  it  seems  inconsistent  to  assign 
the  Subcarboniferous  limestone  a  mass  that  is  not  much  greater  than  the  seven 
and  a  half  feet  for  an  area  equal  to  half  the  present  land,  which  is  all  that  the 
present  carbon  dioxide  of  air  and  ocean  could  produce,  if  so  converted.  If  we 
consider  what  a  possible  atmosphere  and  ocean  richer  in  carbon  dioxide  might 
do,  it  seems  idle  to  look  to  the  atmosphere  as  even  a  possibly  competent  reser- 
voir, consistently  with  the  life  that  existed ;  for  the  carbon  dioxide  of  the  present 
atmosphere,  if  used  up  in  making  limestone,  would  form  a  layer  of  about  one  thirtieth 
of  an  inch  thick  only,  over  the  globe.  To  form  a  layer  one  foot  thick  it  would 
have  to  be  increased  360  fold,  which  would  surely  imperil  active,  air-breathing 
life,  unless  it  were  different  from  similar  present  life. 

The  ocean  under  certain  conditions  has  much  greater  competency  to  hold 
carbon  dioxide,  and,  what  is  of  prime  importance,  to  hold  it  in  a  condition  hamp- 
less  to  animal  life.  The  carbonates  of  the  present  ocean,  reckoned  simply  as 
monocarbonates,  hold  about  30  times  the  carbon  dioxide  of  the  atmosphere. 
To  this  is  added  a  less  amount  in  "  loose  "  combination,  to  render  them  bicar- 
lx)nates,  and  an  additional  quantity  held  by  solution  simply.  Together,  these 
may  be  roundly  placed  at  25  times  that  of  the  present  atmosphere,  giving  in 
all  55  times  the  present  content  of  the  atmosphere.  These  are  merely  round 
figures,  roughly  approximate.  Present  data  do  not  permit  a  close  estimate 
of  the  "  loose  "  and  free  carbon  dioxide  of  the  ocean. 

The  present  ocean,  however,  is  not  saturated  in  calcium  bicarbonate,  for 
while  the  s[xjcific  gravity  of  the  sea  ranges  from  1.025  to  1.028,  calcium  car- 
bonate is  not  precipitated  appreciably  until  concentration  by  evaporation  reaches 
1.05,  according  to  the  careful  investigations  of  Usiglio.*  With  the  existing  tem- 
peratures, it  would  be  possible  for  the  ocean  to  carry  an  additional  amount  of 
carbon  dioxide  in  the  form  of  bicarbonatcs, — precisely  how  much  has  not  been 
experimentally  determined.  The  higher  temperature  of  the  Subcarboniferous 
ocean  would  have  been  adverse;  but  it  is  probable  that  considerably  more  than 
55  equivalents  of  the  present  atmospheric  car}x)n  dioxide  might  have  Ix^on  held 

'  Enc.  Brit.     Art.  Sea  Water,  p.  229. 
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by  the  ocean  if  it  were  as  nearly  saturated  as  was  possible,  and  that  without 
adversely  affecting  the  animal  life.  It  cannot  of  course  be  affirmed  that  this 
was  the  case;  indeed  the  probabilities  are  against  it  for  reasons  that  will  soon 
appear.  But,  to  make  the  most  of  this  resource,  let  it  be  supposed  that,  at  the 
opening  of  the  Mississippian  period,  the  ocean  contained,  by  virtue  of  its 
•carbonates,  60  to  80  equivalents  of  the  present  atmospheric  carbon  dioxide. 
Even  this  would  fall  far  short  of  furnishing  all  the  carbon  dioxide  locked  up 
in  the  limestones  of  the  period.  It  would,  however,  make  a  large  contribution 
to  the  requisite  amount,  and  thereby  help  appreciably  to  solve  the  problem, 
provided  it  be  assumed  that  the  carbonates  were  removed  from  the  ocean  in  the 
course  of  the  period  by  consumption  in  limestone  formation. 

Could  this  have  taken  place?    The  conditions  for  the  extraction  of  calciimi 
carbonate   by  lime-secreting  organisms   were   especially  favorable.    The    map 
of  the  period  (Fig.  228)  indicates  that,  aside  from  the  continental  shelves,  about 
5,000,000  square  miles  of  the  continental  area  of  North  America  were,  by  esti- 
mate, submerged,  or  more  than  half  the  present  land  area  of  North  America. 
Great  encroachments  are  known  to  have  taken  place  on  other  continents,  and  a 
similar  estimate  of  submergence  of  one  half  the  present  land  area  is  probably 
in  the  neighborhood  of  the  truth.     If  the  submerged  continental  area  for  the 
globe  be  placed  at  20,000,000  square  miles,  in  addition  to  the  10,000,000  of  the 
platform  now  submerged,  it  gives  a  vast  tract  of  water  peculiarly  suited  to  be 
the  habitat  of  lime-secreting  life.  When  it  is  borne  in  mind  that  nearly  the  whole 
of  the  secretion  of  lime  takes  place  in  the  upper  few  hundred  feet  of  the  sea, 
(1)  through  the  agency  of  pelagic  life  whose  habitat  would  be  10%  greater  than 
now,  and  (2)  by  epicontinental  life  whose  habitat  would  be  200%  greater  than 
now,  the  potentiality  of  the  geographic  change  may  be  realized.     It  is  further 
to  be  noted  that  the  warm  temperature  of  the  times  not  only  favored  an  abun- 
dance of  lime-secreting  life,  but  favored  the  process  of  lime-secretion  itself,  for 
it  is  observed  that  the  animals  of  the  warm  seas  secrete  more  lime,  on  the  aver- 
age, than  the  same  types  in  cold  seas. 

On  the  other  hand,  it  is  to  be  noted  that  the  supply  of  carbonates  from 
the  land  area  was  reduced  in  proportion  as  the  sea  was  extended,  and  the 
land  that  remained  unsubmerged  was  probably  low,  and  had  previously 
been  much  leached  during  the  base-leveling  processes.  Hence  the  land  waters 
penetrated  the  earth  but  feebly,  from  lack  of  head,  and  from  hindrance  by 
the  deep  mantle  of  residuary  earth  that  presumably  covered  the  low  lands, 
and  the  carbonation  and  leaching  of  the  lands  was  therefore  relatively  feeble. 
The  seas  were  therefore  much  less  rapidly  supplied  with  calcium  carbonate  than 
in  periods  when  the  lands  were  broader  and  higher,  and  the  penetration  of  the 
surface-waters  deeper  and  more  active.  The  period  therefore  presented  con- 
ditions favorable  for  the  extraction  of  lime  from  the  ocean  waters,  and  unfavor- 
able for  renewing  the  supply.  Under  these  conditions,  unless  there  be  offsetting 
agencies  not  now  recognized,  it  may  be  assumed  that  the  carbonates  of  the  sea 
were  gradually  reduced. 

While  the  chemical  relations  involved  are  very  complex  and  have  not  been 
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much  elucidated  by  direct  experimentation  as  yet,  and  while  the  reactions  are 
ver>''  difficult  to  anticipate  theoretically,  it  seems  permissible,  m  the  present 
state  of  knowledge,  to  suppose  that  this  process  might  go  forward  until  the  car- 
bonates of  the  ocean  were  well  nigh  or  quite  exhausted.  Even  if  completely 
exhausted,  the  calcium  necessary  for  organic  life  could  probably  be  supplied 
by  the  calcium  sulphate,  which  is  roundly  ten  times  as  abundant  as  the  carbonate 
in  the  present  ocean.  Indeed,  it  has  sometimes  been  urged  that  it  is  the  cal- 
cium sulphate  that  is  actually  used  by  life,  instead  of  the  carbonate,  but  this 
does  not  appear  to  be  sufficiently  supported  by  experimental  determinations. 
If  calcium  sulphate  is  converted  by  organisms  into  the  calcium  carbonate  of 
their  shells,  skeletons,  etc.,  the  sulphuric  acid  set  free  probably  unites  with  the 
bases  of  the  carbonates  of  the  water — except  so  far  as  converted  into  sulphides 
and  deposited  as  such — and  sets  their  carbonic  acid  free,  so  that  the  ultimate 
result  of  the  reaction  is  much  the  same  whether  the  organisms  use  calcium  car- 
bonate directly  or  calcium  sulphate.  This  supposed  depletion  of  the  oceanic 
carbonates,  even  if  it  began  with  an  ocean  fully  saturated  by  them  and  ended 
with  complete  exhaustion,  would  only  help  to  solve  the  problem  of  the  supply 
of  carbon  dioxide  for  the  great  limestone  formations  of  the  period,  though  the 
help  would  seem  to  be  very  important.  But  the  depletion  of  the  ocean  con- 
tent was  probably  a  very  radical  feature  in  the  atmospheric  problem,  to  which 
this  discussion  is  preliminary. 

The  rest  of  the  solution  of  the  problem  of  an  adequate  source  for  the  carbon 
dioxide  of  theSubcarboniferous  limestones  is  probably  found  in  two  other  quarters. 
The  limestone  of  the  period  was  certainly  not  all  original,  in  the  sense  of  having 
been  formed  from  the  silicates  of  the  crystalline  rocks.  A  notable  part  of  it  was 
derived  from  the  exposed  portions  of  limestones  previously  formed.  A  comparison 
of  the  map  of  the  period  (Fig.  228)  with  the  maps  of  previous  periods  (Figs.  95, 
129,  174,  195,  etc.),  shows  that  not  a  little  of  the  exposed  land  was  formed  of 
the  older  Paleozoic  sediments,  among  which  limestones  were  a  notable  element. 
Probably  the  lime  in  the  previous  sediments  was  not  greater  per  unit  area^  on 
the  average,  than  in  the  crystalline  rocks,  since  the  sediments  were  derived  from 
the  crystalline  rocks.  It  was  perhaps  somewhat  less,  since  there  was  some  loss 
of  lime  to  the  ocean;  but  it  was  probably  more  readily  removed.  This  removal 
involved  the  combination  of  a  portion  of  the  free  carbon  dioxide  of  the  air  with 
the  limestone  to  form  bicarbonate,  which  was  thus  dissolved  and  carried  down  to 
the  sea.  Thus  a  portion  of  the  carbon  dioxide  was  temporarily  locked  up,  but 
when  the  lime  was  secreted  by  the  sea  organisms,  this  second  equivalent  of  the 
carbon  dioxide  was  set  free,  and  was  subject  to  diffusion  into  the  atmosphere, 
where  it  was  available  for  a  repetition  of  the  process.  A  comparatively  limited 
amount  of  free  carbon  dioxide  might  thus  serve,  in  time,  as  the  carrier  of  a 
large  amount  of  carbonate  from  the  land  to  the  sea.  It  is  difficult  to  esti- 
mate the  portion  of  the  Subcarboniferous  limestone  which  was  thus  derived 
from  previous  limestones,  and  the  portion  which  was  added  by  the  original 
carbonation  of  the  silicates  of  crystalline  rocks,  for  the  data  are  very  inade- 
quate. 


664  GEOLOGY. 

The  remaining  source  of  carbon  dioxide  was  found  in  volcanic  emanations 
from  the  interior  of  the  earth,  and  in  the  unknown  supplies  that  came  from  cosmic 
sources. 

All  the  foregoing  sources  combined  may  not  improbably  have  been  compe- 
tent to  furnish  not  only  the  carbon  dioxide  required  for  the  formation  of  the 
limestone,  but  also  for  such  other  carbonate  and  carbonaceous  deposits  as  took 
place.  The  feature  of  most  note  is  the  function  assigned  to  the  carbonates 
and  carbon  dioxide  of  the  ocean,  which,  by  being  depleted  during  stages  of  great 
sea-transgression,  meet  the  exceptional  demands  of  the  great  limestone  for- 
mations that  characterize  such  periods,  while  at  the  same  time,  as  the  result  of 
this,  they  leave  the  atmospheric-oceanic  supply  of  carbon  dioxide  in  a  critical 
state  of  reduction. 

The  part  played  by  coal-formation. — If  the  exceptional  carbonic  demands 
of  the  great  Subcarboniferous  limestone  formation  be  met  thus,  in  part,  by  deple- 
ting the  ocean  of  its  store  of  carbonates  and  carbon  dioxide,  the  close  of  the 
period  would  have  found  this  resource  exhausted,  and  imavailable  for  meeting 
any  exceptional  demands  during  the  following  period;  but  it  has  been  noted 
that  there  was  an  extensive  withdrawal  of  the  sea,  in  America  at  least,  between 
the  Subcarboniferous  and  Carboniferous  periods.  Much  erosion  and  decom- 
position must  have  taken  place  to  give  the  cherts  and  quartzose  material  of  the 
Millstone  grit  and  equivalent  formations.  So  great  thicknesses  of  chert  as  occur 
at  many  points  imply  the  solution  of  much  limestone,  and  this  in  turn  implies 
large  supplies  of  calcium  carbonate  carried  to  the  ocean  during  the  erosion  inter- 
val; while  the  mere  fact  that  the  ocean  was  extensively  withdra^^n,  and  lime- 
secreting  life  restricted,  implies  a  reduction  of  the  drafts  made  upon  its  calcium 
carbonate  for  limestone  formation.  To  make  this  reasoning  altogether  firm,  the 
conditions  in  North  America  must,  of  course,  have  been  representative  of  the 
world  at  large.  In  the  aggregate,  this  is  fairly  warranted,  but  not  conclusively 
shown,  by  present  evidence.  It  may,  however,  be  assumed  tentatively  that 
when  the  main  deposits  of  coal  and  limestone  began  in  the  Carboniferous  period, 
the  ocean  had  become,  in  some  measure,  re-enriched  in  carbonates  and  loose 
carbon  dioxide.  During  that  period  there  were  considerable  limestone  deposits, 
though  these  were  not  equal  to  those  of  the  preceding  period;  and  there  were 
also  large  accumulations  of  coal  and  other  carbonaceous  materials  which  made 
heavy  drafts  on  the  supplies  of  carbon  dioxide.  Here  again,  the  data  for  a 
numerical  estimate  arc  very  imperfect.  The  productive  coal  fields  of  this  age 
in  North  America  are  estimated  to  cover  265,000  square  miles.  North  America 
embraces  about  one  seventh  of  the  continental  surface  of  the  globe,  but  has  rela- 
tively more  coal  of  this  age  than  other  continents.  For  a  rough  approximation, 
the  whole  may  be  put  at  two  or  three  times  that  of  North  America.  If  the  impure 
coals  and  other  carbonaceous  matter  be  included,  an  average  thickness  of  25 
to  40  feet  for  the  whole  area  may  be  assumed,  without  pretension  to  accuracy. 
The  carbon  dioxide  of  the  present  atmosphere,  if  reduced  to  pure  coal,  would 
give  a  layer  about  1  foot  thick  over  an  area  of  500,000  square  miles,  or  about 
8  inches  thick  over  an  area  of  800,000  square  miles.     If  there  were  no  other 
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demands  than  thoae  of  the  coal  deposits,  these  might  apparently  be  met  by  draw- 
ing on  the  stores  of  carbon  dioxide  in  the  air  and  ocean,  without  supposing  these 
supplies  to  have  been  very  unusual.  To  meet  the  concurrent  demand  of  lime- 
stone formation,  it  may  be  supposed  that  the  oceanic  supply  of  calciiun  car- 
bonate was  again  greatly  reduced.  It  is  possible  that  the  volcanic  and  cosmic 
contributions  during  the  period  were  more  than  usual,  but  there  is  little  clear 
evidence  of  it.  Considerable  volcanic  activity  is  indicated  by  the  igneous  rock 
of  the  series  in  certain  regions,  but  it  is  not  extraordinary,  and  no  very  general 
prevalence  is  indicated.  The  more  probable  view  appears  to  be  that  the  car- 
bonates and  carbon  dioxide  of  the  ocean  were  again  reduced  to  a  low  state,  and 
that  this  was  the  condition  when  the  deformative  ^movements  brought  other 
powerful  agencies  into  action. 

The  enrichment  of  the  air  in  oxygen. — The  extraction  of  carbon  from  car- 
bon dioxide  to  form  coal  set  free  the  associated  two  equivalents  of  oxygen,  which 
contributed  to  the  enrichment  of  the  atmosphere  in  that  vital  element.  While 
some  oxidation  was  in  progress  during  the  period,  the  low  elevation  of  the  lands, 
and  their  limited  area  presented  conditions  less  favorable  than  usual  for  oxi- 
dation. The  presumption  is  therefore  that  oxygen  accumulated,  and  that  the 
Permian  period  inherited  from  the  Carboniferous  an  atmosphere  unusually  rich 
in  this  vital  constituent.  This  inference  appears  to  be  supported  by  the  excep- 
tional prevalence  of  highly  oxygenated  red  deposits  in  the  Permian  and  Triassic 
periods,  and  this  is  perhaps  their  sufficient  explanation,  when  taken  in  connec- 
tion with  the  climatic  conditions  of  those  periods. 

The  relations  of  equilibrium  between  the  carbon  dioxide  of  the  air  and  that 
of  the  ocean. — To  realize  how  it  is  possible  for  the  atmosphere  to  vary  in  its 
content  of  carbon  dioxide  throiigh  only  such  moderate  ranges  as  were  compatible 
with  active  air-breathing  life  and  yet  be  the  medium  through  which  the  ocean 
yielded  such  large  amounts  of  carbon  dioxide  as  were  demanded  for  the  excep- 
tional limestone  and  coal  formations  (over  and  above  what  the  volcanos  and 
cosmic  sources  can  be  presumed  to  have  supplied  during  these  times  of  exceptional 
demand),  it  is  necessary  to  recognize  that  the  carbon  dioxide  of  the  atmosphere 
is  in  a  certain  kind  of  equilibrium  with  the  carbon  dioxide  of  the  ocean.  This 
relation  is  peculiar  and  intricate,  and  the  precise  conditions  and  ratios  of 
equilibrium  are  as  yet  but  imperfectly  determined.  It  involves  a  complex  series 
of  interactions  between  (1)  anhydrous  carbon  dioxide  (carbonic  anhydride, 
CO2),  (2)  carbonic  acid  (H2CO3),  (3)  calcium  and  other  bicarbonates  (Ca(HCOs),, 
etc.),  and  (4)  calcium  and  other  raonocarbonates  CaCOa,  etc.).  In  the  air 
there  are  carbonic  anhydride  and  carbonic  acid,  and  in  the  ocean,  carbon  dioxide, 
carbonic  acid,  calcium  and  other  bicarbonates,  and  calcium  and  other  mono- 
carbonates.  Some  of  these  were  merely  mixtures  whose  distribution  was  con- 
trolled by  diffusion  and  mechanical  stirring.  Others  were  dissolved  and  held 
by  the  force  of  solution,  and  others  still  were  united  chemically  and  held  by 
chemical  forces  of  different  strengths.  For  the  present  purposes,  it  may  suffice 
to  note  that  a  reduction  of  the  carbon  dioxide  of  the  atmosphere  calls  forth  car- 
bon dioxide  from  the  ocean  to  make  up  part  of  the  loss,  and  bring  the  two  into 
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A  new  state  of  equilibrium.^  The  equalizing  supply  doubtless  comes  primarilj 
from  the  free  carbon  dioxide  or  carbonic  acid  of  the  ocean,  but  the  reduction 
which  these  thereby  suffer  causes  the  water  to  absorb  some  of  the  feebly  com- 
bined carbon  dioxide  of  the  bicarbonates,  while  it  is  temporarily  dissociated,  thus 
reducing  the  bicarbonates  to  monocarbonates.  In  the  case  of  calcium  carbon- 
ate, this  tends  toward  precipitation  because  of  its  slight  solubility.  In  the  opinion 
of  some  chemists,  this  process  may  go  so  far,  if  the  atmospheric  carbon  dioxide 
is  continually  removed,  as  to  call  forth  all  the  loose  carbon  dioxide  of  the  bicar- 
bonates of  the  ocean,  and  reduce  them  to  monocarbonates,  the  calcium  mono- 
<:tarbonate  being  precipitated,  which  involves  the  proposition  that  all  the  bicar- 
bonates of  the  ocean  are  held  there  practically  by  the  carbon  dioxide  of 
the  air.  Without  accepting  or  rejecting  this  extreme  proposition  until  experi- 
ments have  gone  farther  and  become  more  consistent,  the  more  conservative 
observation  that  there  is  an  interchange  in  the  direction  of  equilibrium  may 
be  recognized  as  an  important  working  factor. 

The  influence  of  the  rate  of  diffusion. — But  it  is  necessary  to  take  careful 
note  of  the  qualifying  conditions  and  retarding  agencies.  The  re-establishment 
oi  a  state  of  equilibriimi  after  it  has  been  disturbed  is  dependent  on  diffusion 
And  on  mechanical  mixture.  If,  for  example,  the  air  were  robbed  of  one  half 
its  carbon  dioxide,  the  ocean  having,  we  will  assume,  25  times  as  much,  either 
in  simple  solution  or  in  loose  combination  as  the  second  equivalent  of  the  bicar- 
bonates, and  remaining  perfectly  quiescent,  the  ocean  would,  by  theory,  ultimately 
give  up  enough  carbon  dioxide  to  make  good  about  }{  of  the  air's  loss,  and  a 
new  equilibrium  would  be  instituted.  To  reduce  the  carbon  dioxide  of  the  air 
•one  half  permanently,  about  one  half  of  the  great  store  in  the  ocean  must  be 

^  The  important  conception  of  equilibrium  was  long  since  entertained  by  Schloesing 
in  its  simple  theoretical  application  to  the  existing  status  (Sur  la  constanoe  de  la 
proportion  d'acide  carbonique  dans  Tair,  Comp.  Rend.,  1880,  t.  90,  p.  1410),  and 
he  regarded  the  ocean  as  a  regulating  reservoir,  so  to  speak,  restraining  the  fluctua- 
tions of  the  carbon  dioxide  of  the  air.  This  was  a  very  valuable  contribution,  but 
in  its  secular  application  to  geological  problems,  it  must  be  recognized  that  all  the 
factors  are  subject  to  change  and,  with  them,  the  basis  of  equilibrium  itself,  and  that 
the  results  are  qualified  by  rates  of  diffusion,  areas  of  contact,  temperatures,  and 
other  elements.  (See  The  influence  of  great  epochs  of  limestone  formation  on 
the  constitution  of  the  atmosphere,  Chamberlin,  Jour.  Geol.,  Vol.  VI,  pp.  609-621, 1898. 
A  group  of  hypotheses  bearfng  on  climatic  changes.  Jour.  Geol.,  Vol.  V,  pp.  653-683, 
idem.  An  attempt  to  frame  a  working  hypothesis  of  the  cause  of  glacial  periods 
on  an  atmospheric  basis,  Jour.  Geol,  Vol.  \n[I,  pp.  545-584,  667-685,  757-787, 1899. 
idem;  and  also  Tolman,  The  carbon  dioxide  of  the  ocean  and  its  relation  to  the  carbon 
dioxide  of  the  atmosphere,  Jour.  Geol,  Vol.  VII,  pp.  585-616,  1899.) 

Krogh  has  recently  made  valuable  contributions  to  SchlcDsing's  conception,  but 
without  adequate  recognition  of  the  qualifying  and  secular  factors  of  the  problem. 
<0n  the  tension  of  carbonic  acid  in  natural  waters  and  especially  in  the  sea.  Vol.  XXM 
1904,  pp.  334-405,  Meddelelser  om  Gronland,  and  The  abnormal  CO,-percentage  in 
the  air  in  Greenland  and  the  general  relations  between  atmospheric  and  oceanic  car- 
i)onic  acid.     Idem,  pp.  409-436.) 
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removed,  as  well  as  half  of  that  in  the  air;  hence  the  slowness  of  permanent 
changes  in  the  carbon  dioxide  of  the  air.  But  this  theoretical  conclusion  is 
qualified  by  the  rates  of  dififusion  of  carbon  dioxide  in  sea-water.  The  rate  of 
this  diffusion  has  not  been  experimentally  determined,  but  supposing  it  to  be 
as  high  as  other  rates  of  diffusion  that  have  been  determined,  it  would  require 
millions  of  years  for  any  notable  percentage  of  the  aboye  restorative  action  to 
take  place,  and  the  completion,  or  even  closely  approximate  completion,  of  the 
whole  process  would  apparently  require  more  than  the  lapse  of  known  geologic 
history.*  This,  be  it  noted,  is  on  the  assumption  of  quiescent  waters  when 
diffasion  acts  alone. 

The  influence  of  agitation  and  cir^lation. — Agitation,  combined  with  diffu- 
«ion,  accelerates  the  process,  indeed.  Its  efficiency  is  practically  dependent  on 
the  surface  agitation  and  on  the  circulation  of  the  ocean.  The  agitation  of  the 
ocean  is  quite  superficial,  and  the  more  conspicuous  part  of  its  circulation  is 
also  superficial.  Now  it  is  in  this  superficial,  sunlit  part  that  nearly  all  the  plants 
of  the  ocean  live,  feeding  upon  carbon  dioxide  and  setting  oxygen  free.  This  is 
partly,  but  not  wholly  offset,  by  the  animal  life  in  the  same  horizon,  for  observation 
shows  that  it  is  relatively  low  in  carbon  dioxide  and  high  in  oxygen.  It  is  this 
inherently  impoverished  layer,  especially  affected  by  organic  action,  that  is 
subject  to  agitation  in  contact  with  the  air.  This  layer  intervenes  between 
the  great  bodies  of  the  air  and  of  the  ocean  that  are  but  slightly  affected  by  local 
organic  action  and  between  which  the  chief  equilibriiun  exchange  must  take 
place,  if  it  takes  place  at  all.  The  diffusion  which  directly  affects  the  body  of 
the  ocean  is  that  between  the  superficial  layer  impoverished  by  plant  action, 
and  the  great  mass  of  waters  below.  If  the  matter  were  pursued  into  detail, 
it  would  be  foimd  that  the  state  of  carbonation  of  the  superficial  part  of  the 
ocean,  and  its  interchange  of  carbon  dioxide  with  the  air  above  and  the  great 
body  of  the  ocean  below,  are  subject  to  much  variation  in  different  parts  and 
different  seasons;  but  upon  this  we  cannot  here  enter. 

That  portion  of  the  oceanic  circulation  which  is  most  concerned  in  the  car- 
bonic equilibration  of  the  air  and  ocean,  is  the  deep  circulation  which  now  is 
initiated  in  the  polar  regions  by  reason  of  their  low  temperature.  As  this  is  a 
function  of  temperature,  it  brings  us  to  the  second  qualification  of  the  tendency 
to  equilibrium. 

The  influence  of  temperature. — The  coefficient  of  absorption  of  carbon  dioxide 
in  sea-water  increases  rapidly  as  the  temperature  is  lowered,  the  rate  being 
doubled  for  cbout  21**  C,  lowering'  in  the  vicinity  of  0®  C.  At  present,  the  tem- 
perature of  sea-water,  in  passing  from  the  equatorial  regions,  where  it  rises 
from  the  depths,  in  the  abysmal  circulation,  to  the  polar  regions,  where  it  descends, 
experiences  a  reduction  of  several  degrees  more  than  21®  C,  and  hence,  if  the  air 
And  ocean  were  in  carbonic  equiUbrium  at  the  equator,  they  would  be  far  out 

'  This  statement  is  based  on  a  mathematical  inspection  by  A.  C.  Limn.  For  an 
analogous  application  of  the  rate  of  diffusion  to  lavas  see  Becker,  Am.  Jour.  Sci.  Ill, 
1897.  pp.  27-29. 

'  Krogh,  loc.  cit.  pp.  363-365. 
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of  equilibrium  in  the  polar  regions.  In  such  a  case,  in  passing  from  the  one 
to  the  other,  the  surface  waters  must  be  absorbing  carbon  dioxide,  as  long  agt> 
recognized  by  Dittmar  and  others.  Relative  to  the  average  state  of  equilibrium 
for  the  whole  contact  surface,  whatever  that  may  be,  the  equatorial  portion 
must  be  more  highly  charged,  other  things  being  equal,  and  the  polar  portion 
less  highly  charged.  If  the  average  state  at  the  surface  is  near  equilibrium, 
the  equatorial  portion  is  probably  emitting  carbon  dioxide  and  the  polar  por- 
tion absorbing  it.  This  is  probably  the  actual  condition  now  and  perhaps  has 
been  generally  in  those  geologic  ages  in  which  the  climatic  states  were  similar  to 
those  of  the  present.  It  may  be  accepted  as  a  general  proposition  that,  in 
the  course  of  the  abysmal  circulation,  essentially  all  oceanic  waters  pass  through 
the  absorbing  stage  in  the  polar  regions  and  the  emission  stage  in  the  equatorial 
regions,  and  that  the  adjustments  of  equilibrium  for  the  great  mass  of  the  ocean 
are  dependent  on  this  slow  circulation,  whose  period  may  equal  a  glacial  epoch. 
In  estimating  it,  the  more  active  wind-actuated  circulation  of  the  surface  must 
apparently  be  set  aside,  in  the  main,  as  having  Uttle  to  do  with  the  abysmal 
circulation.  It  has  recently  been  shown  in  the  investigation  of  small  lakes, 
whose  depths  rarely  reach  200  feet,  that  the  wind-driven  circulation  has  little 
eflFect  on  the  basal  waters,  but  develops  a  surprisingly  shallow  superficial  zone 
of  its  own.  The  waters  below  this  are  sometimes  so  far  unaerated,  or  so  charged 
with  noxious  gases,  as  to  be  offensive  and  inhospitable  to  life.'  The  tempera- 
tures of  the  deeper  waters  of  lakes,  however,  show  that  there  is  a  seasonal  descent 
of  cold  waters  analogous  to  the  ab3rsmal  circulation  of  the  ocean,  but  essentially 
independent  of  the  eolian  circulation .  (For  the  hypothetical  reversal  of  circulation, 
see  pp.  432-446,  Vol.  III.)  The  discussion  here  will  proceed  on  the  supposition 
that  the  present  deep-sea  circulation  was  persistent. 

The  influence  of  secular  temperature  changes. — If  the  polar  temperatures  in 
the  mild  stage  previous  to  the  Permian  period  averaged  about  20°  C,  as  the 
life  seems  to  imply,  the  abysmal  waters  would  become  carbonated  on  the  basis 
of  polar  absorption  at  20°  C.  If,  other  conditions  remaining  the  same,  the  polar 
temperature  at  the  time  of  the  Permian  glaciatibn  was  reduced  somewhat  below 
the  present  temperature,  the  basis  of  equilibriiun  must  have  shifted  to  absorption 
at  0°  C.  to  -4°  C,  or  to  an  absorption  ratio  about  double  its  previous  one.  In 
making  the  adjustment  to  the  new  basis  of  equilibrium,  corresponding  drafts 
on  the  atmospheric  carbon  dioxide  are  to  be  inferred.  It  follows  from  these 
considerations  that  at  a  time  when  the  polar  temperatures  were  being  lowered, 
and  the  basis  of  equilibrium  was  being  changed  adversely  to  the  atmospheric 
content  of  carbon  dioxide,  the  latter  was  ill  conditioned  for  meeting  exceptional 
demands  made  upon  it  from  other  sources. 

When  this  critical  state,  arising  from  the  very  conditions  of  equihbrium  itself, 
is  taken  in  connection  with  the  depleted  state  of  the  oceanic  carbon  dioxide, 
arising  from  previous  exceptional  extraction  to  form  coal  and  limestone,  it  will 
be  apparent  that  the  Permian  deformation  was  liable  to  produce  unusual  effects. 

1  E.  A,  Birge,  Wis.  Geol.  and  Nat.  Hist.  Surv. 
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With  these  conditioning  influences  and  liabilities  in  mind,  we  may  resume  the 
sequences  of  the  Permian  deformation. 

1.  Interruption  of  the  water-heating  system. — The  first  effect,  as  already 
noted,  must  have  been  a  serious  interruption  of  the  free  polar  circulation  that 
had  previously  prevailed,  and  which  has  long  been  confidently  regarded  as  one 
of  the  greatest  of  the  agencies  that  maintained  the  previous  mild  temperature 
in  those  regions.  In  the  Southern  Hemisphere,  the  distribution  of  life  furnishes 
special  reasons  for  believing  that  the  land  was  appreciably  more  extensive,  and 
more  completely  connected,  than  it  is  at  the  present  day,  and  geologists,  quite 
without  reference  to  any  climatic  effects,  have  postulated  such  connections. 
A  migrating  tract  for  land  faunas  and  floras  between  India,  Australia,  South 
Africa,  and  South  America  seems  to  be  requisite,  and  even  if  this  were  supplied 
in  the  most  conservative  way,  it  must  have  seriously  interrupted  the  high-lati- 
tude circulation  of  that  hemisphere.  The  constraint  of  the  oceanic  circulation 
in  both  hemispheres  must  have  greatly  reduced  the  temperature  of  the  polar 
regions.  This  quite  certainly  led  to  greater  differences  of  temperature  between 
the  air  columns  of  different  latitudes,  and  this  must  have  intensified  the  vertical 
circulation  of  the  atmosphere,  and  accelerated  the  loss  of  heat  from  the  surface. 

2.  Extension  of  continental  climates. — A  second  effect  of  the  increase  of  the 
land  areas  was  an  increase  of  the  continental  elements  of  the  climates,  and  a 
strengthening  of  the  atmospheric  circulation  between  land  and  sea.  This  fur- 
ther intensified  the  vertical  circulation  and  accelerated  the  loss  of  surface  heat. 
The  mountains  and  other  reliefs  introduced  by  the  deformation  still  further 
aided  in  checking  horizontal  circulation  and  intensif3ring  vertical  circulation. 

3.  Reduction  of  humidity. — A  third  effect  was  a  reduction  of  the  average 
moisting  of  the  atmosphere.  This  is  not  only  a  firm  theoretical  deduction  from 
the  increase  of  the  land  area  and  the  reduction  of  the  water  area,  but  is  deposition- 
ally  indicated  by  the  remarkable  prevalence  of  salt  and  gjrpsum  deposits  and 
of  red  beds.  There  is  no  question  that  the  vapor  of  water  plays  a  large  part 
in  the  retention  of  the  heat  radiated  from  the  earth,  and  so  acts  as  a  thermal 
blanket,  and  hence  the  reduction  of  this  blanket  led  to  less  retention  of  the  solar 
heat,  and  hence  to  a  lower  temperature.  As  this  was  truer  of  the  land  areas 
than  of  the  oceanic,  the  climate  must  have  been  differentiated  geographic- 
ally into  intensities  of  dryness  and  humidity,  and  of  heat  and  cold.  These 
must  further  have  involved  an  increase  of  convective  currents,  and  hence  an 
additional  loss  of  heat. 

4.  Depletion  of  the  heat-absorbing  constituents  of  the  atmosphere. — A  fourth 
effect  is  assigned  to  a  change  in  the  constitution  of  the  atmosphere  affecting 
especially  its  heat-absorbing  constitutents.  The  reduction  of  moisture  was  a 
part  of  this  change,  but  reference  is  here  made  to  the  more  permanent  constituents, 
particularly  carbon  dioxide.  The  increased  area  of  the  land,  and  its  increased 
elevation,  gave  increased  contact  between  the  atmosphere  and  the  rocks  of  the 
earth  susceptible  of  carbonation  and  oxidation,  as  already  indicated.  As  a 
result,  the  atmosphere  lost  carbon  dioxide  and  oxygen  at  a  more  rapid  rate 
than  in  the  previous  period.     Oxygen  plays  some  part  in  the  thermal  blanketing 
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of  the  earth,  but  any  change  it  is  likely  to  have  undergone  was  probably  not 
sufficiently  large  to  make  it  needful  to  dwell  upon  it  here.  But  if  the  carbon 
dioxide  in  the  air  and  in  the  ocean  was  in  the  critical  state  of  reduction  we  hai-'e 
inferred  from  previous  losses,  and  was  being  absorbed  by  the  ocean  on  account 
of  the  cooling  experienced  from  the  above  changes  of  condition,  the  accelerated 
carbonation  induced  by  the  deformation  may  well  have  made  serious  inroads 
upon  it.  It  is  accordingly  inferred  that  its  quantity  was  reduced  appreciably^ 
and  that  the  earth  was  thereby  deprived  of  some  large  part  of  the  thermal  blanket- 
ing which  it  had  previously  effected. 

The  vicarious  action  of  carbon  dioxide. — Before  considering  the  amount  of 
this  reduction,  let  it  be  noted  that,  in  so  far  as  it  reduced  the  temperature,  U  re- 
duced  the  moisture  in  the  atmospheref  for  this  is  immediately  dependent  upon 
temperature,  and  any  agency  which  reduces  the  temperature  reduces  the  moisture, 
and  hence  reduces  the  thermal  effects  due  to  moisture.  Probably  this  secondary 
effect  of  a  loss  of  carbon  dioxide  is  greater  than  its  primary  effect.  To  realize 
this,  it  is  important  to  recognize  the  fundamental  difference  between  the  rela- 
tively permanent  constituents  of  the  atmosphere,  such  as  nitrogen  and  oxjrgen, 
and  such  an  exceedingly  dependent  and  fluctuating  one  as  the  vapor  of  water. 
No  temperature  effect  arising  from  moisture  seriously  affects  the  amount  of 
oxygen,  nitrogen,  or  carbon  dioxide  in  the  air,  while  any  reduction  of  these  which 
involves  reduction  of  temperature,  effectually  reduces  the  water- vapor.  \Miile 
a  reduction  of  temperature  does  not  immediately  reduce  the  carbon  dioxide, 
it  leads  indirectly  to  its  absorption  in  the  ocean,  and  so  a  reduction  of  either 
carbon  dioxide  or  water-vapor  reduces  the  other,  and  their  mutual  reaction 
intensifies  their  common  temperature  effect.  Saturation  being  assumed,  the 
theoretical  amount  of  water  varies  Avith  the  temperature,  but  unequally.  In 
the  vicinity  of  0**  C,  the  amount  of  vapor  varies  roughly  about  7%  for  e\'er}' 
degree  Centigrade,  when  computed  from  one  degree  to  another,  or,  roundly, 
the  vapor  is  about  doubled  or  halved  for  every  temperature  change  of  10®  C* 

The  amount  of  vapor  in  the  air  at  —30°  C,  when  completely  saturated,  about 
equals  the  normal  amount  of  carbon  dioxide  in  the  air.  The  air  is,  however, 
rarely  saturated  with  moisture.  While,  therefore,  the  amount  of  vapor  in  the 
air  is,  on  the  whole,  much  greater  than  the  carbon  dioxide,  there  are  consider- 
able high-latitude  areas  at  the  ground  surface,  in  addition  to  the  whole  upper 
zone,  in  which  the  carbon  dioxide  exceeds  the  vapor  of  water. 

The  thermal  functions  of  the  atmospheric  constituents. — Although  not  a  little 
experimental  work  has  been  done  on  the  competency  of  the  atmospheric 
gases  to  absorb  heat,  it  has  not  furnished  an  adequate  basis  for  the  satisfac- 
tory discussion  of  their  relative  serviceability  in  maintaining  the  temperature 
of  the  earth's  surface.  In  part  this  has  been  due  to  the  great  difficulties  of  accu- 
rately determining  the  absorbent  effects  of  the  chief  thermal  rays,  which  have 
long  wave-lengths  (Afi  to  30/i)  and  are  invisible.     These  long  wave-lengths  are 

^  For  exact  data,  see  Landolt  and  Bornstem's  Physikalisch-Chemische  Tabellen^ 
or  Evans'  Physico-Chemical  Tables. 
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almost  the  only  ones  that  are  radiated  from  the  earth  at  its  ordinary  tempera- 
tures, and  it  is  the  retention  of  these  upon  which  the  surface  temperature  of 
the  earth  chiefly  depends.  It  is  only  by  the  masterly  work  of  Langley  and  others, 
that  instrumental  devices  have  been  invented  capable  of  exploring  the  lower 
end  of  the  spectrum  which  is  formed  of  these  rays,  and  even  these  devices  have 
not  yet  reached  a  sufficient  degree  of  refinement  to  completely  separate  the  indi- 
vidual effects  of  the  gases.  There  is  a  further  difficulty  in  the  feebleness  of  the 
rays  emanating  from  bodies  at  the  temperature  of  the  earth's  surface.  Higher 
temperatures,  as  that  of  boiling  water,  have  therefore  usually  been  employed 
in  experiments;  but  as  the  proportion  of  short  wave-lengths  increases  with  the 
temperature,  most  of  the  experiments  are  not  directly  applicable  to  the  prob- 
lem in  hand,  and,  besides,  the  results  are  not  very  consistent  at  best.^  It  is 
known  that  the  same  amount  of  moisture  absorbs  more  radiation  when  near 
saturation  than  when  much  below  it,  which  is  perhaps  due  to  a  larger  propor- 
tion of  carbonic  acid  (HaCOa)  in  proportion  to  carbonic  anhydride  and  water- 
vapor  (CO2+H2O).  The  thermal  efficiency  of  carbonic  acid  proper  (H,CO,) 
has  not  been  determined.  For  the  present  it  is  therefore  necessary  to  accept 
rude  approximations  only. 

Two  modes  of  absorption  of  radiation  are  recognized,  general  and  selective. 
When  a  molecule  takes  up  those  vibrations  which  it  itself  gives  forth,  when 
agitated,  the  absorption  is  selective.  Gas  composed  of  a  single  kind  of  mole- 
cules takes  up  the  vibrations  proper  to  it,  as  the  string  of  a  musical  instrument 
takes  up  and  reproduces  the  vibrations  to  which  it  is  attuned.  Other  vibra- 
tions, for  the  greater  part,  pass  through  it  without  interference,  but  not  wholly 
80.  In  partial  and  irregular  ways,  not  fully  understood,  some  parts  of  the  vibra- 
tions of  other  lengths  are  absorbed.  This  incidental  or  irregular  action  con- 
stitutes general  absorption.  The  nitrogen  of  the  air  does  not  absorb  selectively 
much  of  the  radiation  of  the  sun  or  of  the  earth's  surface,  both  of  which  pass 
through  it  with  httle  modification,  but  not  wholly  without  general  absorption. 
Oxygen  absorbs  a  larger  number  of  known  wave-lengths  in  the  visible  spectrum,, 
but  the  amount  of  heat  energy  involved  is  not  very  large.  Oxygen  does  not 
appear  to  absorb  the  long  wave-lengths  of  the  heat  radiated  from  the  earth  to 
any  notable  extent.  Carbon  dioxide,  on  the  other  hand,  absorbs  certain  bands 
of  long  wave-length  rays  whose  energy  is  large.  Arrhenius  has  lately  deter- 
mined experimentally  the  absorptive  capacity  of  carbon  dioxide  for  rays  emitted 
by  a  body  at  15®  C,  about  the  average  temperature  of  the  earth's  surface,  as 
follows:' 

Amount  of  absorption 1%  2%  5%  10%  15%  20%  25%  30% 

Amount  of  CO,  traversed  in  cm.   (at 

15°  C.  and  760  mm.  air  pressure)...    0.6   1.3     5    20.7    60      142    300    580 

*  Paschen,  Wied.  Annalen,  Vol.  LIII,  1894;  Angstrom,  Ann.  Phys.  u.  Chem.  3, 
1900;  Rubens  and  Aschkinass,  Ann.  Phys.  u.  Chem.,  64, 1898;  Arrhenius,  Kosmische 
Physik,  II,  1903. 

>  Kosmische  Physik,  II,  p.  503.     1903. 
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These  results  are  subject  to  some  qualification  because  certain  of  the  exp>en- 
mental  conditions  differed  somewhat  from  those  of  the  atmosphere,  but  they 
aeem  to  be  the  nearest  approach  to  natural  conditions  yet  attained  in  experi- 
mentation. From  the  results,  Arrhenius  estimates  that  about  28%  of  the  earth's 
radiation  is  absorbed  (oblique  transmission  included),  and  that  the  carbon  dioxide 
of  the  atmosphere  influences  the  earth's  temperature  to  the  extent  of  14.5**  C. 
Angstrom  has  estimated  the  absorption  of  carbon  dioxide  as  at  best  only  16^^ 
of  the  earth's  radiation.*  From  the  percentage  curves  of  Rubens  and  Aschkinas>, 
applied  to  an  energy  curve  determined  by  Angstrom,  we  deduce  about  8%  absorjv 
tion  by  carbon  dioxide,'  but  the  deduction  is  subject  to  several  rather  serious 
sources  of  probable  error. 

From  Angstrom's  experiments,  the  following  absorption  values  have  been 
deduced  '  for  water- vapor : 

Amount  of  absorption 5%  10%  15%  20%  2b^^ 

Amount  of  vapor  traversed  (measured  as  water  in  cm.)     0.3   0.85   2.1     4.2      6.S 

Owing  to  the  differences  of  temperature,  of  the  quantities  used,  of  the  degrees 
of  compression,  and  of  other  conditions  involved  in  the  experiments,  on  the 
one  hand,  and  to  the  lack  of  adequate  data  as  to  the  average  amount  and  dis- 
tribution of  moisture  in  the  air,  on  the  other,  it  is  impracticable  at  present  to 
deduce  the  relative  values  of  the  thermal  absorption  of  the  water-vapor  and 
of  the  carbon  dioxide  of  the  present  atmosphere,  respectively,  but  it  seems  clear 
that  the  efficiency  of  the  vapor  is  sevi>ral  times  that  of  the  dioxide. 

The  time  of  retention. — There  is  a  defect  in  all  the  experimental  work  in 
that  it  does  not  show  the  secondary  or  retentional  effects  of  added  quant  it  i(v< 
of  the  gases.  If  a  given  quantity  of  gas  absorbs  90%  of  all  the  radiation  which 
that  gas  can  absorb  by  selective  action,  the  addition  of  a  second  quantity  cf 
equal  amount  could  only  selectively  absorb,  at  first  hand,  its  proper  proportion 
of  the  10%  that  had  escaped  previous  absorption,  but  it  would  absorb  secondarihj, 
heat  radiated  from  the  previously  absorbed  90%,  and  delay  its  escape,  as  well 
as  radiate  a  portion  of  it  back  toward  its  source.  It  is  not  the  simple  absorption 
of  heat  that  determines  the  climatic  effect,  but  the  time  of  its  retention,  or,  in 
other  words,  the  number  of  secondary  absorptions  and  radiations.  A  giwn 
quantity  of  vibratory  energy  retained  ten  seconds  within  the  basal  stratum 
of  the  air  by  a  series  of  re-absorptions  and  re-radiations,  is  as  effective,  climatic- 
ally, as  ten  times  the  amount  retained  one  second.  While  increase  in  the  amount 
of  a  gas  does  not  proportionately  increase  the  percentage  of  primary  absorption 
of  the  vibrations  of  its  appropriate  wave-lengths,  it  increases  about  propor- 
tionately the  nimiber  of  times  these  are  absorbed  and  re-radiated  before  they 
finally  escape. 

*  Ann.  Phys.  u.  Chem.,  1900,  p.  324. 
'Ann.  Phys.  u.  Chem.,  1898,  p.  598. 

*  Kosmische  Physik,  II,  p.  505. 
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Primary  independence  in  selective  action. — It  is  important  to  note  that  in 
selective  action  each  gas  absorbs  its  own  wave-lengths,  and  these  only.  No  mat- 
ter what  its  quantity  or  its  relative  competency,  it  cannot  do  the  selective  work 
of  another  gas.  This  is  not  experimentally  demonstrable  in  the  dark  spectrum, 
from  lack  of  sufficiently  refined  means  of  anal3mis,  but  in  the  visible  spectrimi 
the  absorption  lines  of  each  substance  differ  from  those  of  all  other  substances, 
so  far  as  perfect  determinations  can  be  made,  and  there  is  no  reasonable  ground 
to  doubt  that  this  holds  true  in  the  dark  spectrum  also.  Where  bands  appear 
to  overlap,  they  are  to  be  interpreted  as  intermingled  groups  of  lines  which  are 
individually  distinct.  It  is  an  error,  therefore,  to  suppose,  as  some  seem  to 
have  done,  that  any  amount  of  water- vapor  can  replace,  or  interfere  with,  the 
absorption  by  carbon  dioxide.  Of  the  vibrations  of  various  wave-lengths  sent 
forth  by  the  earth,  a  certain  set  are  absorbed  by  the  molecules  of  water,  a  cer- 
tain other  set  by  the  molecules  of  carbon  dioxide,  some  few  others  by  the  other 
gases,  and  the  rest  escape,  except  as  caught  by  dust,  clouds,  general  absorption, 
etc.  This  relates  to  primary  action,  and  to  a  certain  portion  of  the  secondary 
action. 

After  a  molecule  of  carbon  dioxide  has  absorbed  its  appropriate  radiation, 
and  increased  its  vibratory  energy  correspondingly,  it  radiates  wave-lengths 
of  its  own  kind,  which  can  be  taken  up  by  other  molecules  of  carbon  dioxide, 
but  not  by  the  molecules  of  other  gases.  The  number  of  re-absorptions 
and  re-radiations  of  such  wave-lengths  is  dependent  upon  the  number  of 
dioxide  molecules  that  lie  in  the  paths  of  such  re-radiations,  which  are  in  all 
directions,  some  being,  of  course,  back  toward  the  earthj  or  laterally,  where 
they  will  be  re-absorbed  in  adjacent  parts  of  the  atmosphere.  The  same 
is  true,  of  course,  of  all  the  other  molecules  relative  to  vibrations  of  their 
own  wave-lengths.  Thus  there  is  measurably  perpetuated  independence  of 
action. 

Thermal  transference  by  molecular  contact. — While,  however,  the  preceding 
action  is  in  progress,  each  molecule  is  colliding  Avith  its  neighbor  molecules  many 
million  times  per  second,  and  conmiunicates  some  of  its  heat  energy  by  such 
contact.  The  molecules  thus  heated  radiate  wave-lengths  of  their  own  order, 
and  these  may  be  absorbed  by  molecules  of  the  same  kind.  Thus  vibrations 
may  be  transformed  so  as  to  be  absorbed  by  all  the  constituents  of  the  air  in 
succession,  and  their  retention  within  the  air  be  greatly  prolonged,  because  of 
the  great  mass  of  some  of  these  constituents. 

The  critical  point  is  obviously  the  first  absorption  that  starts  the  transfer 
by  impact.  If  there  is  no  constituent  to  take  up  the  vibration  from  the  ether, 
it  escapes,  but  if  n.  is  once  taken  up  by  a  molecule,  it  may  be  tran5«fcrred  a  mul- 
titude of  times  before  it  escapes. 

Just  what  is  the  measure  of  the  efficiency  of  carbon  dioxide  in  contributing 
to  the  temperature  of  the  earth  is  not  yet  determined,  and  so'  the  influences  of 
changes  in  its  amoimt  on  the  climate  are  as  yet  undeterminable,  but  as  one  of 
the  factors  in  the  complex  of  agencies,  it  seems  to  require  a  place  in  our  working 
hype  theses. 
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Total  thennal  efficiency  of  the  atmosphere. — It  seems  worth  while  in  this 
connection  to  try  to  estimate  the  total  agency  of  the  atmosphere  in  preserving 
the  temperature  of  the  globe.  The  earth  and  moon  are  at  practically  the  same 
mean  distance  from  the  sun,  and  would  doubtless  have  practically  the  same  tem- 
perature if  the  earth  had  no  atmosphere  or  ocean.  (The  ocean  is  theoretically 
a  derivative  from  the  atmosphere.)  If  the  present  mean  temperature  of  the  earth's 
surface  be  taken  at  15^  C,  the  absolute  temperature  is  -288^  C.  As  the  result 
•  of  a  recent  elaborate  study,  Very  estimates  the  temperature  of  the  moon  at 
its  midday  to  be  97°  C  Several  other  astronomers  have  thought  that  the  moon's 
midday  temperature  did  not  rise  much  above  the  freezing-point.  The  range 
of  competent  opinions  may  then  be  limited  by  the  boiling-  and  freezing-points, 
373°  and  273°  absolute.  It  is  agreed  by  all  that  the  lowest  night  temperature 
cannot  be  far  from  absolute  zero.  Allowing  this,  however,  to  be  55°  absolute, 
the  average  temperature  of  the  moon  on  the  higher  estimate  is  214°  and,  on 
the  lower,  164°  absolute.  The  difference  between  these,  respectively,  and  the 
mean  temperature  of  the  earth,  288°,  is  74°  and  124°,  of  which  the  mean  is  99°. 
While  there  is  a  rather  large  element  of  uncertainty  in  the  estimates  of  the  moon's 
temperature,  their  mean  gives  countenance  to  the  belief  that  the  efficiency  of 
the  earth's  atmosphere,  as  a  thermal  blanket,  may  be  in  the  neighborhood  of 
100°  C. 

If  the  mean  temperature  of  the  earth  in  the  Carboniferous  period  be  placed 
at  25°  C,  it  will  doubtless  be  about  high  enough,  for  that  is  a  tropical  tempera- 
ture, and  if  the  mean  temperature  of  the  glacial  stages  of  the  Permian  be  placed 
at  10°  C,  this  will  perhaps  be  low  enough.  The  range  between  these,  15°  C, 
would,  on  the  basis  above  deduced,  make  the  change  from  the  one  to  the  other 
only  15%  of  the  total  efficiency  of  the  atmosphere.  When  allowance  is  made 
for  the  effects  of  increased  vertical  circulation,  it  does  not  seem  that  it  is  taxing 
the  assigned  changes  in  the  water-vapor  and  carbon  dioxide  too  severely  to  make 
them  responsible  for  .the  remaining  portion  of  the  15%  of  the  whole  thermal 
competency  of  the  atmosphere. 

IV,  The  Localization  of  the  Glaciation, 

The  remarkable  distribution  of  the  Permian  glaciation  is  the  most  puzzling 
feature  of  the  whole  problem.  The  localization  of  the  recent  Pleistocene  gla- 
ciation was  also  peculiar,  as  \vill  be  seen,  but  still  it  was  measurably  circum- 
polar,  as  we  should  expect  any  general  glaciation  to  be.  Among  the  explana- 
tions offered  for  this  later  puzzle  is  one  which  connects  it  with  the  areas  of  per- 
manent low  atmospheric  pressure  in  the  North  Atlantic  and  North  Pacific  regions, 
in  which  the  present  glaciations  of  Greenland  and  Alaska  are  located,  and  to 
which  they  apparently  owe  their  exceptional  development. 

Tentative  conception  of  the  ''fixed  lows''  and  their  relations  to  glaciatioiL— 
The  cause  of  the  prevailing  low  pressure  and  permanent  cyclonic  character  of 

*  Probable  range  of  the  temperature  of  the  moon,  Astrophys.  Jour.,  VIII,  1898, 
p.  265.  See  also  the  temperature  of  the  moon,  S.  P.  Langley,  assisted  by  F.  W.  Very, 
Nat.  Acad.  Sci.,  I. 
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these  areas  is  yet  to  be  demonstrated,  but  one  of  the  conceptions  of  their  dy- 
namics that  seems  to  be  warranted  at  present,  seems  also  to  be  helpful  in  explain- 
ing peculiarly  localized  glaciation.  In  this  conception,  mechanical  and  vapor- 
ous energy  are  assigned  a  controlling  value  in  determining  the  special  configura- 
tion of  the  air  movements,  while  thermal  energy  is  placed  in  the  background 
in  a  double  sense.  It  is,  of  course,  recognized  that,  at  bottom,  the  chief  agency 
in  atmospheric  circulation  is  unequal  heating.  Unequal  distribution  of  moisture 
is  also  an  original  agency,  since  the  superior  kinetic  energy  of  vapor,  relative  to . 
its  weight,  renders  the  air  column  of  which  it  forms  a  part  lighter  than  if  formed 
of  dry  air,  other  things  being  equal.  This  amounts  to  an  appreciable  agency. 
While  the  amount  of  its  effect  is  dependent  on  the  absolute  amount  of  vapor 
present,  its  operative  efficiency  is  dependent  on  the  difference  in  its  abundance 
in  the  different  parts  of  the  atmospheric  province,  precisely  as  in  the  case  of 
heat.  Starting  from  one  or  the  other  of  these  original  sources,  or  from  a  com- 
bination of  the  two,  circulation  is  inaugurated ;  but,  when  once  under  way,  many 
secondary  factors  of  a  mechanical,  rather  than  thermal  or  vaporous  nature^ 
are  developed,  and  these  appear  to  greatly  influence  the  special  configuration 
which  the  air  movements  and  even  air  pressures  actually  assume.  Some  of 
these  mechanical  factors  are  closely  derivative  from  the  original  thermal  or 
vaporous  energies,  as  the  exceptional  violence  of  squalls,  tornadoes,  etc.,  while 
some  spring  from  the  modif3ring  effects  of  independent  agencies,  as  the  rota- 
tion of  the  earth,  the  configuration  of  the  surface,  the  distribution  of  land  and 
water,  the  ocean  currents,  etc. 

Now,  it  is  conceived  that  in  a  region  where  the  agencies  last  named  are  spe- 
cially influential,  and  the  influence  of  differential  temperature  is  not  particularly 
strong,  the  mechanical  factor  and  the'  vapor  together  may  be  dominant,  and 
as  they  are  fixed  geographically,  the  cyclonic  area  also  becomes  fixed,  instead 
of  moving  with  the  atmosphere,  as  do  the  more  familiar  cyclones.  It  is  not 
intended,  however,  to  imply  that  even  these  are  not  measurably  dependent  on 
derived  mechanical  energies.  It  is  further  conceived  that  in  these  fixed  cyclonic 
'*low^,"  the  moist  air  of  the  great  central  tract  is  mechanically  foY-ced  to  rise 
at  a  relatively  low  temperature  and  the  precipitation  is  hence  favorable  to  glacial 
accumulation.  In  a  more  purely  thermal  cyclone,  the  relatively  high  degree 
of  heat  involved  in  immediately  actuating  the  cyclonic  movement  is  present  to 
antagonize  glacial  accumulation.  This  conception  is  extended  to  the  mo\nng 
cyclones  within  the  permanent  cyclonic  area,  and  perhaps  even  beyond.  It  is 
to  be  understood  that  this  is  not  established  meteorological  doctrine.  These 
are  problems,  like  the  rest  of  this  complex  of  puzzles,  yet  awaiting  final  eluci- 
dation. The  special  point  of  application  here  lies  (1)  in  the  fact  that  this  con- 
ception provides  for  precipitation  with  a  minimum  of  heat  by  assigning  mechan- 
ical energy  and  vaporous  levity  as  the  dominant  actuating  agencies,  and  (2)  in 
that  it  gives  a  fixed  location  to  the  low-temperature  precipitation  that  follows. 

Probable  geographic  features  of  the  glacial  stage. —  If  the  land  extensions 
and  connections  in  the  Southern  Hemisphere  in  the  Permian  period  be  made  as 
slight  as  biological  data  permit,  they  would  probably  at  least  consist  of  a  con- 
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nection  from  IndiA,  via  Australia  and  the  old  submerged  land,  to  New  Zealand, 
and  thence  to  Antarctica,  and  through  this  to  South  America.  Other  and  more 
northerly  connections  between  India  and  South  Africa,  and  between  the  latter 
and  South  America,  have  usually  been  postidated.  In  the  minimum  case^ 
the  oceanic  circulation  must  have  been  very  different  from  the  present,  for  the 
warm  equatorial  currents  from  the  Pacific  that  now  flow  through  the  East  Indian 
straits  into  the  Indian  Ocean  must  have  been  turned  back  into  the  Pacific,  con- 
centrating its  heat  there.  At  the  same  time,  two  thirds  of  the  cold  waters  flowing 
along  the  borders  of  Antarctica,  which  now  largely  pass  south  of  New  Zealand 
into  the  Southern  Pacific,  must  have  been  arrested  by  the  postulated  New  Zea- 
land-Antarctican  isthmus  and  turned  northward  into  the  Indian  Ocean.  The 
joint  result  was  a  concentration  of  warm  water  in  the  Pacific,  and  of  cold  water 
in  the  Indian  Ocean. 

A  broad  Arctic  tongue  of  sea  is  thought  to  have  occupied  eastern  Russia  and 
western  Turkestan  about  this  time.  It  appears  to  have  had  an  open  polar  mouth, 
but  its  ulterior  connections  in  the  Arctic  regions  are  unknown.  So,  too,  its  con- 
nections toward  the  south  and  east  are  uncertain  at  the  precise  time  of  the  gla- 
ciation.  It  is  not,  however,  beyond  permissible  hypothesis  to  suppose  that 
this  Arctic  embayment  may  have  been  occupied  by  a  returning  Arctic  current 
of  the  Labrador  type.  If  so,  this  tended  to  extend  the  Arctic  low  temperature 
oquatorward  in  about  the  same  longitude  as  the  Antarctic  movement. 

The  hypothetical  development  of  localized  glacial  conditiona. — The  postulated 
effect  of  these  configurations  was  the  concentration  of  large  portions  of 
the  polar  currents  in  the  longitude  of  the  glacial  areas,  resulting  in  the  intensi- 
fic4ition  of  the  atmospheric  gradients  on  that  side  of  the  sphere,  and  leading  to 
a  peculiar  asymmetry  in  the  atmospheric  circulation.  Hypothetically,  this 
called  into  play,  in  an  unusual  degree,  the  derivative  mechanical  factors  in  the 
circulation,  and  led  to  the  development  of  fixed  cyclonic  areas  in  exceptionally 
low  latitudes.  The  cold  polar  currents  are  assumed  to  have  furnished  to  the 
centers  of  the  fixed  "lows, ''  cool  moist  air,  which,  forced  to  rise  rather  by  mecJian- 
ical  movement  and  aqueous  kinetic  action  than  by  high  temperature,  gave  per- 
sistent precipitation  at  sufficiently  low  temperatures  to  promote,  glaciation.  Per- 
sistent clouds  and  fogs,  habitual  in  such  situations,  arc  presumed  to  have  shielded 
the  glacial  surface  by  their  high  reflecting  powers,  and  to  have  become 
important  auxiliary  agencies. 

Alternative  views.  —  The  special  problem  of  Permian  glaciation  has  not 
developed  such  voluminous  discussion  as  has  that  of  the  Pleistocene  period, 
largely  because  its  verity  has  only  recently  been  established,  and  because  the 
majority  of  glacial  students  are  not  personally  familiar  with  its  phenomena. 
A  change  of  the  earth's  poles  has  naturally  been  suggested,  since  a  shifting  of 
the  south  pole  to  the  center  of  the  Indian  Ocean  would  relieve  the  problem  of 
its  most  refractory  element,  the  location  of  the  glacial  areas  on  the  borders  of 
the  tropical  zone.  Such  a  shifting,  even  if  we  ignore  the  extremely  serious  dy- 
namical difficulties  involved,  does  little  more  than  mitigate  the  problem  of  locali- 
zation, for  if  the  pole  were  placed  equidistant  from  the  three  glacial  centers  in 
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India,  Australia,  and  South  Africa,  it  would  be  farther  away  from  any  one  of 
them  than  is  any  present  center  of  continental  glaciation  from  the  present  poles. 
In  most  of  the  ancient  periods,  the  polar  regions  do  not  seem  to  have  been  affected 
by  glaciation,  but  rather  to  have  been  frequented  by  ferns,  corals,  figs,  and  mag- 
nolias. A  general  climatic  stage  verging  toward  glaciation  and  furnishing  an 
appropiate  climatic  environment  for  a  regional  concentration  of  frozen  precipi- 
tation, is  prerequisite,  and  this  is  the  primary  problem. 

Local  elevation  has  been  postulated,  but  the  stratigraphic  and  other  geologic 
evidences  do  not  seem  to  support  it.  Marine  beds  are  interstratified  in  the  glar 
cial  series  without  evidences  of  extraordinary  elevation  and  intensified  erosion 
between  their  respective  depositions.  A  case  has  been  cited  in  which  a  bivalve 
was  foimd  standing  on  edge,  as  in  life,  in  clay  among  glacial  bowlders.  Other 
evidences  of  icebei^  deposition  have  been  adduced,  implying  that  the  glaciers 
leached  the  sea. 

The  Crollian  hypothesis  *  assigns  this  as  well  as  other  glaciations  to  a  tena- 
porary  increase  in  the  ellipticity  of  the  earth's  orbit.  If  the  fundamental  con- 
ception is  valid,  ellipticity  might  be  a  cooperating  agency,  but,  as  already 
remarked,  the  general  conditions  that  render  any  areal  glaciation  on  lowlands 
possible  would  seem  to  be  a  prerequisite  to  its  effective  action.  The  hypothe- 
sis is  virtually  reducible  to  a  change  in  the  distribution  of  heat  between  sun^ 
mer  and  winter,  the  sum  total  of  the  heat  remaining  the  same.  In  those  periods 
in  which  the  polar  night  was  not  fatal  to  ferns,  figs,  and  magnolias,  the  elliptical 
variation  could  scarcely  be  effective. 

Among  the  purely  astronomical  hypotheses,  the  variability  of  the  sun's  heat, 
which  is  supported  by  the  recent  observations  of  Langley '  and  Abbot,  is  the 
most  substantial.  Obviously,  however,  short-period  variations  in  heat  emission 
are  inapplicable,  as  the  glacial  epochs  can  scarcely  have  been  less  in  length  than 
some  few  tens  of  thousands  of  years  each;  and  the  problem  of  localization,  that 
thorn  in  the  flesh  of  all  hypotheses,  is  left  untouched. 

*  Climate  and  Time. 

'The  solar  constant  and  related  problems.       Astrophys.  Jour.   1903,  pp.  89-99. 
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